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ABSTRACT 
The influence of various plasma species on the growth and structural properties of indium 
nitride in migration-enhanced plasma-assisted metalorganic chemical vapor deposition (MEPA-
MOCVD). The atomic nitrogen ions’ flux has been found to have a significant effect on the growth 
rate as well as the crystalline quality of indium nitride. No apparent effect of atomic neutrals, 
molecular ions, and neutral nitrogen molecules has been observed on either the growth rate or 
crystalline quality.  
A thermodynamic supersaturation model for plasma-assisted metalorganic chemical vapor 
deposition of InN has also been developed. The model is based on the chemical combination of 
indium with plasma-generated atomic nitrogen ions. In supersaturation was analyzed for indium 
nitride films grown by PA-MOCVD with varying input flow of indium precursor. Raman 
spectroscopy, X-Ray diffraction, and atomic force microscopy provided feedback on structural 
properties and surface morphology of grown films. We found that InN films grown at widely 
different growth conditions but with the same supersaturation exhibit similar structural properties 
and surface morphology.  
The effect of various growth parameters on the plasma potential has also been discussed. 
The plasma potential has been found to depend on the concentration of atomic nitrogen ions. The 
samples grown at increased plasma potential have exhibited better optoelectronic properties than 
the those grown at lower plasma potential. 
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1 
1 INTRODUCTION  
Indium nitride is a significant III-nitride semiconductor with numerous possible 
applications. The alloys of InN with other III-nitrides (e.g., InN) made it possible to extend the 
emission of III-nitride LEDs from UV to IR[2],[3-5],[8, 9],[10]. The effective electron mass was 
predicted to be lowest for InN among III-nitrides semiconductors[11]. InN is to exhibit the highest 
peak overshoot velocity, and InN based FETs are predicted to have an extremely high speed. A 
two-junction tandem solar cell as InN a top cell material[12] can obtain a conversion efficiency of 
over 30%. The growth and integration of InN and In-rich alloys such as InGaN and InGaAlN also 
opens doors for the fabrication of Terra Hertz detectors and emitters[13], applications as chemical 
sensor[14], and highly-efficient energy conversion device applications like solid-state 
lightning[15], tandem photovoltaics[15], and solid integrated LED displays[16]. 
This thesis is focused on establishing the growth physics of InN thin films by migration-
enhanced plasma-assisted MOCVD (MEPA-MOCVD) method and to understand their physical 
characteristics. The research methodology followed in this research is to optimize the migration-
enhanced plasma-assisted MOCVD growth for indium nitride and its alloys, for possible novel 
device applications. The outline of the thesis is described in the following. 
Chapter 2 concisely gives a review of the history indium nitride research, a discussion on 
its physical properties, a report on the various methods, and challenges in the growth of InN and 
its alloys. 
Chapter 3 gives a detailed discussion of the thin film growth system used in the present 
study and on the various spectroscopic and surface characterization techniques. A discussion on 
the underlying physics and methods of probing InN thin film structural, crystallographic, optical, 
2 
and optoelectronic characteristics by Raman spectroscopy, X-ray diffraction (XRD), and Fourier 
transform infrared (FTIR) reflection spectroscopy and Atomic force microscopy (AFM). 
Chapter 4 gives a detailed overview of the influence of various plasma species on InN 
growth chemistry and its structural properties. The chapter provides an in-depth discussion on the 
methods of atomic emission spectroscopy to determine the plasma composition and the energies 
of various plasma species from an in-situ emission spectrum of the plasma.  
Chapter 5 provides a detailed discussion on a thermodynamic supersaturation model. The 
author developed the supersaturation model for plasma-assisted metalorganic chemical vapor 
deposition of InN. It is based on the chemical combination of indium with plasma-generated 
atomic nitrogen ions. Indium supersaturation was analyzed for InN films grown by PA-MOCVD 
with varying input flow of indium precursor. Atomic force microscopy, Raman spectroscopy and 
X-ray diffraction provided feedback on surface morphology and structural properties of grown 
films. The growth parameter variation effect on indium supersaturation was analyzed. It was also 
found that the InN films that were grown at varying growth parameters resulting in the same In 
supersaturation value exhibit similar structural properties and surface morphology. 
Chapter 6 gives a detailed overview of the possibility to control the growth, morphology, 
and structural properties in InN thin films by varying the electric potential on a grid above the 
growth surface. A systematic change in the grid potential above the substrate alters the ion flux 
onto the substrate accordingly, which is otherwise dictated by the floating potential of the grid. 
The floating potential at the grid is the result of a continuous bombardment of the various plasma 
species onto the grid. It is the function of different process parameters such as chamber pressure, 
nitrogen flow through plasma source, and the plasma power. Hence an external control over the 
grid potential may result in high crystalline quality thin films in parameter space, which would 
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otherwise result in the films with relatively poor crystalline quality. The dependence of plasma 
potential on the growth parameters such as chamber pressure, plasma N2 flow, and RF power is 
also discussed in detail. A study on the variation of grid potential in the range -100V to 100V and 
its effect on morphology, crystalline quality, and growth rate of the resulting InN thin films is 
presented.  
Finally, Chapter 7 gives a summary of the research results and proposes future directions 
for the potential applications of this research.  
4 
2 INDIUM NITRIDE 
2.1 Indium nitride synthesis 
The first synthesis of InN was achieved by Juza and Hahn in 1938, who produced powdered 
InN by the decomposition of (NH4)3InF6 in ammonia (NH3) stream. They reported the InN crystal 
structure as wurtzite with lattice parameters a = 3.53 Å and c = 5.69 Å.[17] Between 1940 to 1960 
InN growth methods adopted were either by chemical reactions of various indium compounds with 
ammonia or thermal decompositions of complex compounds[18],[19],[20]. The first CVD growth 
of InN was attempted by Pastrnak et al. in1963. They grew InN by chemical reaction between 
InCl3 and N2 gas [21]. It was established that the synthesis of InN is not possible by direct reaction 
of In metal with nitrogen gas in an inactivated form even at very high temperature [22],[23]. 
A study by McChesney et al. [24] in 1970 suggested that the InN dissociation temperature 
is ~527°C at atmospheric pressure, and low growth temperatures has to be utilized to synthesize 
InN. The first plasma assisted growth of InN was achieved by Hovel et al. in 1970. InN was grown 
by reactive RF sputtering using In target and pure N2 [25]. They grew polycrystalline and n-type 
InN films on Si and sapphire substrates, that had high carrier concentrations of ~(5-8)×1018 cm-3. 
Bandgap was measured to be 1.9 eV. 
Tansley et al. reported, room temperature, low background carrier concentration ~ 5.3× 
1016 cm-3  and high Hall mobility ~ 2700 cm2V-1s-1 in polycrystalline InN films grown by sputtering 
on Si and glass substrates[26]. The bandgap energy of these films was updated to 1.89 eV[27].  
Mosaic crystalline epitaxial InN layers were grown by Marasina et al. in 1977 chemical 
vapor deposition[28] (CVD). The growth was achieved by the chemical reaction of InCl3 with 
ammonia NH3 on sapphire (0001) substrates. The samples were n-type with electron concentration 
~ 8×1021 to 2×1020 cm-3 and Hall mobility ~ 35 - 50 cm2V-1s-1. 
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Between 1940 and 1970 it was established that single crystal InN is difficult to grow 
compared to GaN and AlN, mainly because of the lower dissociation temperature of InN. 
Wakahara et al. in 1989 reported that they achieved epitaxial growth of InN on sapphire. The 
growth was performed by microwave-excited metalorganic vapor phase epitaxy (ME-MOVPE) at 
the growth temperatures of 400-600°C[29].  
In the same year, Yuichi et al. reported the epitaxial growth of InN on a GaAs substrate 
((111)A and (100) oriented) by RF-excited reactive evaporation. The films were of fairly good 
crystalline quality with XRD rocking curve full width at half-maximum (FWHM) of 17 s. [30] 
InN and InxGa1-xN was also grown on sapphire by Matasuoka et al. [31] and later reproduced by 
Yamamto et al. [32] using MOVPE.  
Ability to grow highly crystalline InN films lead to the update of its bandgap value first to 
0.9 eV [33] in 2001 and then to 0.7 eV later [34],[35]. 
As-grown InN films were usually found to be n-type, while unintentional p-doping 
occurred rarely. Jenkins et al. investigated the doping and electronic structure InGaN, InAlN and 
InN in 1989, and concluded that the nitrogen vacancies induce the n-doping[36]. For the first time, 
Feiler et al. [37] used pulsed laser deposition (PLD) to grow unintentionally doped InN films on 
sapphire (0001) at 5 mTorr growth pressures. The films were polycrystalline with mobility in the 
range 30 cm2V-1s-1 and 240 cm2V-1s-1 and the carrier concentration in range ~ 6.5× 1020 cm-3 and  
4.7× 1019 cm-3. Butcher et al. showed in 2004 that the high n-type carrier concentration for RF 
sputtered InN films originated from excess nitrogen instead of nitrogen vacancies[38]. 
Many groups have predicted the mobility of InN e.g. Chin et al. predicted that the 
maximum mobility of the InN to be 4400 cm2V-1s-1 at room temperature and 33000 cm2V-1s-1 at 
77 K [39]. Similarly predicted highest value of mobility at room temperature for InN films by 
6 
Nag et al. was around 4000 cm2V-1s-1. However, none of these predictions were close to the 
experimentally reported values. 
Fareed et al. used migration enhanced metalorganic chemical vapor deposition to grow InN 
films on GaN/Al2O3 and found the dependence of carrier concentration and mobility on the film 
thickness [40]. They found, when the InN film thickness increases from 75 nm to 900 nm the 
carrier concertation varies form 5.5×1019 cm-3 to 4.1×1018 cm-3 and mobility varies from  
12 cm2V-1s-1 to 846 cm2V-1s-1. The increased film thickness caused to decrease the lattice strains 
and reduction of defects.  
Sato et al. found the carrier concentration and mobility to decrease with decreased growth 
rates [41],[42]. In their studies using plasma-assisted MOCVD when the growth rate dropped from 
230 nm/h to 50 nm/h, the carrier concentration decreased from 3.2×1020 cm-3 to 4.3×1018 cm-3 and 
mobility decreased from 34.7 cm2V-1s-1 to 0.6 cm2V-1s-1. At the lower rates the adatoms had to 
more time to find lower energy sites in the lattice and hence better film with improved electrical 
properties. 
Guo et al.[43] investigated the dependence of the carrier concentration and mobility of InN 
films deposited by RF magnetron sputtering. They found that with the increase in substrate 
temperature from 100°C to 500°C carrier concentration remained ~1020 cm-3 and the mobility 
increased from 18 cm2V-1s-1 to 115 cm2V-1s-1. In the same year Ikuta et al. [44] grew InN films 
using ZnO as a buffer layer on (0001) sapphire. They found that Hall mobility of the films grown 
on the ZnO buffer was higher (60 cm2V-1s-1) compared to the ones on bare sapphire (30 cm2V-1s-
1) at the same growth conditions. Yamaguchi et al.[45] grew InN on GaN for first time by MOVPE.  
Typical MOCVD growth temperature window for Ga and Al based nitrides is between 
900°C and 1200°C. While indium based nitrides such as InN, InGaN, and InAlN require low 
7 
temperature growth because of the relatively weak In and N bond. Atomic layer epitaxy (ALE) 
was suggested as a solution to this problem[46],[47],[48],[49]. 
The lower substrate temperature for InN growth reduces the surface migration of In ad-
atoms resulting in indium droplet formation and high defect density in the resulting films. In 
migration enhanced epitaxy (MEE), gas pulsing allows In ad-atoms more time on the surface to 
find energetically optimal final position. This allows InN growth at lower substrate temperatures 
[50]. Lu et al. investigated the InN layers deposited by MEE on sapphire. The highest mobility of 
542 cm2V-1s-1 and lowest electron carrier concentration of 3×1018 cm-3 at room temperature were 
found at the growth temperatures around 500°C[50]. This study also indicated that a AlN buffer 
layer between InN and spphire substrate may be used to improve the electrical properties of InN 
films. Further studies of the effect of the AlN buffer layer on the epitaxial growth of InN by MBE 
were carried out later by Lu et al.[51]. They found a Hall mobility of 805.3 cm2V-1s-1 with a carrier 
concentration ~2.5×1018 cm-3 at room temperature of InN film grown on AlN buffer layer[51].  
In 2003, Lu et al. reported no apparent improvement of electrical properties of InN films 
with thickness[52]. They also reported the improvement of Hall mobility due to the reduced defect 
density away from the lattice-mismatched buffer. For the c-plane film, Lu et al. found that 
impurities from the growth environment are not responsible for the high background doping of 
InN [94, 95]. However, for a-plane InN, a significant decrease of structural defects along the 
growth direction were not observed[52].  
Inushima et al. successfully deposited 15nm InN film using plasma-assisted MBE on 
sapphire with reported bandgap of 0.89eV, carrier concentration of 5×1019 cm-3 and mobility of 
1700 cm2V-1s-1 [33]. In 2001, Yoshiki et al. used RF-MBE to deposit single crystal InN layers on 
sapphire (0001) with an intermediate InN nucelation layer grown at 300 °C. The highest mobility 
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and lowest carrier concentration of 760 cm2V-1s-1 and 3×1019 cm-3 were measured for films grown 
at 550oC substrate temperature and 240W RF power[53].  
Raman and IR reflectance spectra of InN films grown on GaAs (111) and sapphire (0001) 
by microwave excited MOVPE and RF magnetron sputtering were studied by Qian et al.[54] In 
the Raman spectra, A1(LO) modes at 589 cm
-1 and E2(high) modes at 490 cm
-1 were observed. A 
blue shift in the frequencies for the E1(TO) and A1(LO) phonon modes was attributed to the 
residual compressive stress. In the IR spectra, phonon modes of A1(TO) at 449 cm
-1, E1(TO) at 
488 cm-1, free carrier concentration and mobility were extracted. The electrical characteristics of 
the films extracted from IR spectra were smaller than those from Hall measurements. According 
to Qian et al. this discrepancy is due to the increased scattering for the carrier coupling with the 
incident phonons in the optical measurements[54].  
Goldhahn et al. studied InN properties by spectroscopic ellipsometry. They extracted the 
anisotropic dielectric function of the a-plane InN layers deposited on r-plane sapphire with an AlN 
nucleation layer and a GaN buffer[55]. The dielectric function from IR to ultraviolet range by 
spectroscopic ellipsometry for InN films was later studied by Kasic et al.[56] They determined 
plasma frequency, plasma damping and film thickness of InN layers with free carrier 
concentrations in the range 7.7×1017 cm-3- 1.4×1019 cm-3. Yang et al. studied the extinction 
coefficient and refractive index as a function of energy with different growth conditions for InN 
films on GaAs (111) grown by RF reactive magnetron sputtering[57]. 
Yamamoto et al. showed that improvement of surface morphology is needed to achieve 
high electron mobility in InN films using atomic force microscopy (AFM). Films used in the study 
were grown by MOVPE at atmospheric pressure[58]. Further improvement in the electrical 
properties of the InN is one of the known challenges[23]. The quality of InN films is also sensitive 
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to surface preparation steps especially nitridation of the substrates[59]. The nitridation of substrate 
has been investigated by various researchers using various techniques[60],[61],[62],[63]. 
According to Pan et al. the film quality of InN film is sensitive to the mechanism of nitridation, 
specifically the nitridation period and temperature at which nitridation is performed. They showed 
that nitridation of sapphire for 40 minutes at 1000oC improves quality of InN films grown on 
it[64],[65]. However, the prolonged nitridation and very high temperatures are not helpful for 
electrical properties, surface morphology and crystalline quality of the films as shown by Maleyre 
et al.[66]. Drago et al.[67] optimized the nitridation conditions using ammonia in MOVPE for the 
best InN quality that resulted in electron mobility of ~450 cm2V-1s-1 and electron concentration of 
~6×1018 cm-3.  Skuridina et al.[68] discovered the formation of a crystalline AlN layer during the 
nitridation process sapphire above 800°C and deposited a single crystal plane surface of N-polar 
InN layer on top of AlN buffer layer. However, for the nitridation temperatures below 800oC an 
amorphous AlNxOy layer was observed that resulted in polycrystalline In-polar InN films with 
rough surface. 
The influence of substrate polarity on the InN films deposited by MBE was investigated 
by Xu et al.[69] They found that FWHM of the XRD rocking curve of (0002) InN peak for N-
polar films was 220 arcsec and for (0002) In-polar InN  600 arcsec. For N-polar films, the electron 
concentration was ~ (1 - 5) ×1018 cm-3 and mobility ~ 500 - 1200 cm2V-1s-1.  For In-polar films 
these were in the range (4 - 10) ×1018 cm-3 and 300 – 900 cm2V-1s-1 respectively. 
Lin et al.[69] investigated the properties of the InN film deposited by MOCVD on 
GaN/sapphire at different temperatures. The best results (mobility of 1300 cm2V-1s-1, carrier 
concentration of 4.6×1018 cm-3) were achieved for the samples grown at 625oC. High mobility of 
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InN layers grown with high temperature GaN and low temperature GaN buffer layer by MOCVD 
has been reported by Xie et al. [70].  
Rich InN study history provided us with many of structural, optical, electronic and other 
information of InN. However, InN growth is still remains not optimized. There are also numerous 
controversies about its properties, including the origin of unintentional doping. Impurities, such as 
hydrogen, oxygen and silicon, behave as donors, dislocations also might be a source for the 
unintentional n-type doping of InN[71]. Himmerlich et al.[72] indicated that there is an increase 
in electron concentration with carbon incorporation. However, the dislocation densities are 
independent of carbon incorporation. Control of carbon impurities incorporation is a challenge, 
and InN films are usually unintentionally doped with carbon by any growth method based on gas-
phase epitaxy. It is also observed that the electron mobility and concentration is affected by the 
edge dislocations[71],[73],[74]. 
 
2.2 Crystal Structure 
Indium nitride occurs in three crystalline forms. Each of these structure exhibits different 
physical properties. The allotropes are wurtzite: a hexagonal α – phase structure which is 
thermodynamically stable under STP conditions., the zinc-blende: a cubic β – phase structure that 
is metastable at ambient conditions and, rock salt: a structure that forms as phase transition from 
the wurtzite structure at hydrostatic pressure of 21.6 GPa [75],[76],[77].  
The stable crystalline forms of InN are wurtzite and the cubic structures. In both of these 
cases each indium atom is attached to four nitrogen atoms and vice versa. However, the difference 
between them lies in their stacking sequence of the close-packed diatomic plane. If the In-N-In 
bonds are denoted by ABC, the stacking sequence for the wurtzite structure is ABAB of (001) 
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close-packed plane, while for the zinc-blende the stacking structure is ABCABC of (111) close-
packed plane. The wurtzite, zinc-blende, and rock salt crystalline structures of InN are shown in 
Fig. 2.1. 
 
Figure 2.1 The allotropic forms of indium nitride crystal lattice 
 
 
The present study will be focused on the wurtzite structure of InN. Wurtzite structure is 
made of two overlapped hexagonal close-packed (HCP) lattices shifted along c-axis in the [0001] 
direction. Fig. 2.2 demonstrates the crystal planes and axes of wurtzite structure.  
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Figure 2.2 Schematic of high-symmetry crystalline planes in wurtzite indium nitride 
 
The lattice constant c is the height of hexagonal prism while a is the side length of the 
hexagonal base as demonstrated  in figure 2.2 [78].  The lattice constants a and c of InN films 
grown on sapphire or on GaN by MOCVD or MBE were found as in the range 3.501 − 3.536 Å 
for a and 5.69 − 5.705 Å for c [78]. 
The presence of residual stress and strain induced by substrate, and inhomogeneity or 
impurities may result in the deviation of structural properties from ones predicted on the base 
lattice parameters. Conversely, the information on the residual stress/strain, impurity 
concentrations and thermal expansion coefficients of the thin films can be extracted from the 
measured values (from X-ray diffraction) of the lattice parameters[79]. 
 
2.3 Lattice Strains 
Generally, indium nitride thin films are grown on non-InN substrates. This process of 
growing one material on another is called hetero-epitaxy. The lattice mismatch between substrate 
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and the overgrown film gives rise to lattice strain / stress in the grown film. The strain in the film 
may result in crystalline defect formation. The lattice strain is large for sufficiently thin epitaxial 
layers, generally for a first few atomic layers, and interfaces are coherent due to these strains [80]. 
When the strain energy exceeds a critical threshold the system gets relaxed and certain misfit 
dislocations are induced by this strain [80],[81]. The difference between the thermal expansion 
coefficients of the substrate and the overgrown film results in residual internal strain, when the 
systems cools down after the overgrowth. The lattice mismatch and thermal expansion coefficient 
mismatch induced strain is named as biaxial strain.  
If the lattice constant of the film is larger than that of the substrate, the film is said to be in 
a compressive strain. Conversely, when the lattice constant of the film is smaller than that of the 
substrate, the film will be said to have a tensile strain. The biaxial strain in a film is defined in 
terms of the lattice constants of the substrate and overgrown film by the equation[82],[83] 2.1. 
𝜀 =  
𝑎𝑓𝑖𝑙𝑚 − 𝑎𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
𝑎𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
        (2.1) 
𝑎𝑓𝑖𝑙𝑚  and 𝑎𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  are the lattice constants of the film and the substrate.  
The physical properties of a strained film deviate from an unstrained film. For example, 
the surface morphology of the InN film will drastically change due to the influence of lattice strain 
on the surface mobility of indium ad-atoms will change during the growth [84]. Moreover, the film 
strain will greatly influence the lattice constant of the film, which means that the interatomic 
distances are affected and that will consequently change the bandgap energy of the grown film. 
The frequencies of phonon modes will also increase or decrease for the compressive and tensile 
strains respectively [84]. A measure of the lattice strain in a film can be obtained via Raman 
spectroscopy, transmission electron microscopy (TEM) or X-ray diffraction (XRD)[82]. 
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2.4 Band structure 
The optoelectronic properties of a semiconductor material directly depend on its bandgap 
and dielectric function which in turn depend on its crystal structure and electronic band structure. 
 
Figure 2.3 First Brillouin zone and the symmetry points of the hexagonal structure 
 
The first Brillouin zones of wurtzite InN structure is shown in Fig. 2.3. The Γ point in the 
Brillouin space located at the zone center with k=0 has the highest symmetry out of the other 
symmetry points. For InN (and other III-nitrides as well) the Γ point is where conduction band 
minima and the valence band maxima occur at the same position in the k-space. Hence, all the III-
nitrides are called direct bandgap semiconductors. The band structure in a wurtzite structure is 
affected by two basic exchange mechanism namely crystal field splitting and spin-orbit splitting. 
Various ab-initio and other numerical methods can be employed to calculate their band structure 
at the Γ point. For example, Green’s function and the screened Coulomb interaction quasiparticle 
approach with exact-exchange optimized effective potential (OEPx) and local density 
approximation (LDA)[85],[86].  
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Figure 2.4 Schematic of energy band structure at Γ point for InN 
 
 
Figure 2.5 The dependence of bandgap on lattice constant for wurtzite structure 
 
The fundamental bandgap for a material is the energy difference between the conduction 
band minimum and the valence band maximum, and for direct bandgap material like InN it will 
be located at the Γ point. The bandgap value for InN is 0.7eV[87],[88]. The dependence of bandgap 
for III-nitrides on the lattice parameters in shown in Fig. 2.5. It should be noted that the lattice 
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constant of most commonly used substrate i.e. is 4.785Ao creating a lattice mismatch of about 
25%. 
 
2.5 Effective mass 
The mass of electron determined experimentally, in solids deviates from the free electron 
mass [89]. The experimentally determined electron mass is called the effective mass (m*). The 
effective electron mass differs from the free electron mass due to interaction of drifting electrons 
with the atoms of the lattice in a solid.  
The effective mass is mathematically expressed as [89] 
𝑚∗ =
ℎ2
𝑑2𝐸
𝑑𝑘2
        (2.2) 
According to the equation 2.2 the effective mass is function of electronic band structure. 
At the Γ point in Fig. 2.4,  
𝑑2𝐸
𝑑𝑘2
> 0 for conduction band bottom so the effective mass is positive. 
Similarly for valence band top at the same Γ point in Fig. 2.4,  
𝑑2𝐸
𝑑𝑘2
< 0, hence effective mass is 
negative. The negative effective electron mass means a kind of particle that will accelerate opposite 
to that of electron in response to an electric field (hole) [89].  
The effective electron mass in InN determined by high magnetic field measurements  is 
m*= 0.055m0, where m0 is the electron mass in vacuum [90]
,[91].  
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2.1 Phonon structure 
Phonons are quasiparticles corresponding to crystal lattice vibrations solids. Phonon modes 
vibrational modes can be called a “fingerprint” of given material: materials crystal structure and 
particular atoms its built of defines the phonon spectrum [84]. 
There are two major types of phonons in a solid having two or more types of atoms in its 
unit cell. The acoustic phonons are caused by coherent movements of atoms of the crystal about 
their equilibrium positions. When the lattice atoms are in vibrational motion in the direction of 
wave propagation, the corresponding phonons are called longitudinal and are called transverse 
when the vibration is perpendicular to the wave propagation. Hence the types longitudinal acoustic 
(LA) and transverse acoustic (TA). The optical phonons are due to out of phase movements of the 
atoms in the crystal structure. Following the same pattern as before, the optical phonons can also 
be either longitudinal optical (LO) and transverse optical (TO). 
The phonon spectrum of a solid vital in defining the kinetic, optical and dynamical 
characteristics of the carriers especially in semiconductors [92]. Another important aspect of the 
phonons is their interaction with free carriers. The phonon lifetimes (can be determined directly 
from Raman line width) are important in determining the structural and optical properties of a 
material[93]. There will be a detailed discussion on the phonon structure of InN in chapter 3 in the 
“Raman spectroscopy” section and on the determination of phonon life time in chapter 4 in the 
section “Influence of plasma species on structural properties of InN”.  
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3 EXPERIMENTAL METHODS 
There are several growth techniques resulting in epitaxial films. In this work I use MOCVD 
technique to grow InN films. In this chapter I give a brief introduction to the MOCVD and focus 
on plasma-assisted MOCVD growth technique for III-N thin-film epitaxial growth. Metalorganic 
chemical vapor deposition (MOCVD), also called metalorganic vapor-phase epitaxy (MOVPE) is 
a chemical vapor deposition process for growing crystalline semiconductor materials, which can 
be used to grow complex semiconductor heterostructures. Typically, the chamber pressures around 
20 to 200 Torr are used during growth. MOCVD is also preferred for the fabrication of devices 
and is recognized as a key process in the manufacture of optoelectronics. The MOCVD process 
was invented in 1968 at North American Aviation Science Center by Harold M. Manasevit. In this 
chapter, the MOCVD growth process and its variant PA-MOCVD will be discussed in detail. 
There will also be a detailed discussion on the characterization techniques used for thin-film 
analysis in this work, namely Raman spectroscopy, X-ray diffraction, Fourier transform infrared 
spectroscopy (FTIR), UV-Vis Normal incidence reflectance spectroscopy (NIRS), Optical 
microscopy and Atomic force microscopy (AFM). 
 
3.1 Substrates for indium nitride growth 
The structural and optoelectronic properties of deposited thin films are greatly influenced 
by the substrates and growth processes. Hence, it is of high importance to keep the followings 
factors into consideration, while choosing a substrate. Firstly, the thermal mismatch of the 
substrate with the film to be overgrown. Secondly, the lattice mismatch of the substrate and the 
overgrown layer. And finally, the cost of the substrate. Several materials are used as a substrate 
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for III-N epitaxial growth. The lattice mismatch between the various substrates and the III-nitrides 
are summarized in Table 3.1. 
Table 3.1 Lattice constant for InN and its potential substrates and their % lattice 
Substrate Lattice constant (Ao) % lattice mismatch 
Al2O3 4.785 ~25[1] 
Si 5.43 ~8 
GaAs 5.65 ~11.3 
SiC 4.35 ~14 
AlN 3.11 13 
GaN 3.19 ~11 
InN 3.53 0 
 
 
3.1.1 Substrate preparation for InN growth 
Sapphire (0001) is the common substrate used for III-nitride growth. It is a low-cost 
substrate available in different wafer sizes. It is stable at high-temperatures and has high surface 
and crystal quality. To overcome the lattice mismatch induced problems the buffer layers (or 
interlayers) are grown on sapphire instead of directly depositing a III-N layer. For example, during 
InN growth, inserting a GaN or AlN in between the InN film and sapphire substrate can shrink the 
lattice mismatch from ~25% to 11% or 13%, respectively[1]. The crystalline quality of the III-N 
film can also be improved by the nitridation of the sapphire substrate before III-N growth. For 
example, Gao. et al.[94] grew InN films on sapphire substrates nitridized by N plasma. They 
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showed that an ordered and flat AlN interlayer is generated on the sapphire surface during the 
nitridation between the substrate and the InN film[94], which improved the surface migration of 
In atoms on the substrate, and consequently a single-crystalline c-plane InN film of high quality 
can be obtained. 
 
3.2 Thin films epitaxy by Metal-Organic Chemical Vapor Deposition (MOCVD) 
Epitaxy is a thin-film deposition process onto a crystalline substrate. There are two basic 
types of epitaxy: homo-epitaxy and hetero-epitaxy. In the homo-epitaxy epitaxial layer is deposited 
on the same material (e.g., GaN on GaN). Hetero-epitaxy is when epitaxial layers of a material are 
deposited on a different substrate (e.g. GaN on sapphire or on Si). The process of homo-epitaxy 
results in high-quality films with lower defect density and doping control. However, hetero-epitaxy 
is often required in optoelectronic structures and bandgap engineered devices.  
The three possible epitaxial growth modes are: Volmer Weber or Island growth, Frank van 
der Merwe or layer by layer growth, and Stranski-Krastanov or layer plus island growth. 
In Volmer–Weber (VW) growth the interactions between the adatom themselves are 
stronger than their interactions with the surface. This leads to the formation of clusters or islands. 
When the interactions of adatoms with the surface are strong the layer by layer growth Frank–van 
der Merwe (FM) happens. Stranski–Krastanov growth is a mix of both 2D layer and 3D island 
growth[95][96][97].  
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Figure 3.1 A schematic diagram of three most frequently occurring growth modes on a 
flat surface substrate 
 
The occurrence of these growth modes depends on the lattice mismatch between the 
substrate and the film, the flux of the crystallizing phase, the growth temperature, and the adhesion 
energy [98]. A schematic representation of these growth modes on a flat surface substrate is shown 
in figuire 3.1. 
This film growth in the MOCVD chamber is controlled by several growth parameters such 
as the substrate temperature, chamber pressure, input molar flows of group III and group V 
precursors, and plasma RF power (in case of plasma-assisted MOCVD). Generally, the substrate 
temperatures used for III-V growth range from 500 – 1200°C. The dependence of the growth rate 
on the substrate temperature is usually divided into three regions [99],[100],[101],[102],[103], as 
shown in Fig. 3.2.  
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Figure 3.2 Thin film growth regimes according to the substrate temperature 
 
At the temperatures below ~500oC, the growth rate is controlled by the gas phase reactions 
and by the chemical reactions that take place on the substrate surface. In the mass transport limited 
regime (~550oC – 750oC), the growth rate is independent of the substrate temperature and instead 
depends on the in-flux of the precursor flow. In the third region, the decrease in growth rate with 
increasing substrate temperature is due to thermodynamic effects or reactant depletion due to 
upstream reactions[103],[104].  
Following are the four basic components of a MOCVD system, and are discussed in detail 
in the next sections, precursors and their packaging, gas manifold, reaction chamber  and exhaust 
system. 
3.3 Precursors and their packaging 
Most commonly used group III precursors are TMA (trimethylaluminium), TEA 
(trimethylaluminium), TMG (trimethylgallium), TEG (trimethylgallium), TMI (trimethylindium), 
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and TEI (trimethylindium). Most of the mentioned above metalorganic (MO) precursors are 
pyrophoric, and therefore require reliable, hermetic packaging to stop the material from coming in 
contact with air to prevent fires. The MO compounds are usually obtained from the supplier in a 
package that will be directly connected to film growth system. For liquid sources, the container is 
in the form of a bubbler. Carrier gas (N2 or H2) is passed through the bottom of the material using 
a dip tube as shown in Figure 3.3. The carrier gas then transports the source material into the 
reactor. When a thermodynamic equilibrium is established between the vapor and the condensed 
phase, the precursor can be written as: 
𝜐 = 𝑃𝜐(𝑓𝜐/𝑅𝑇𝑂)𝑃𝑂/𝑃𝑐𝑦𝑙       (3.1) 
where 𝜐is the MO molar flow (moles/min), Pv is MO-species vapor pressure (at given 
temperature),  fv  is volume flow rate of carrier gas through the bubbler, R is the gas constant, To 
= 273°C, Po = 1 atm, and Pcyl is the total pressure in the MO container. Pv can be calculated from 
the data in Table 3.1. Typical molar flows for MO species are in the range of 1 – 30 μmol/min. 
In conventional MOCVD, NH3 is used as the group V precursor in III-nitride growth. 
However, in the plasma-assisted MOCVD, plasma-activated nitrogen ions using nitrogen gas 
source is used as group V precursor. The N2 (liquid) and NH3 (gas) are usually shipped by the 
supplier in large cylinders that will be directly connected to the film growth system. 
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Figure 3.3 Schematic drawing of a metalorganic bubbler 
 
 
 
Table 3.2 Physical properties of commercially available metalorganics 
chemical abbreviation melting 
temp 
(oC) 
vapor pressure 
(𝐥𝐨𝐠 𝐏) 
(P in torr and 
T in K) 
Use 
Tri-ethyl 
aluminum 
TEAl -52.5  8.999– 
2361.2
/(𝑇– 73.82) 
Al source, AlN 
AlGaN, InAlN 
Tri-methyl 
aluminum 
TMAl 15.4 8.2 − 21.8/𝑇 Al source, AlN 
AlGaN, InAlN 
Tri-ethyl 
gallium 
TEGa -82.3  8.08 –   2162/𝑇 Ga source,GaN 
AlGaN, InGaN 
Tri-methyl 
gallium 
TMGa -15.8   8.07– 1703/𝑇 Ga source,GaN 
AlGaN, InGaN 
Tri-ethyl 
indium 
TEIn   8.93 –  2815/𝑇 In source, InN 
InAlN, InGaN 
Tri-methyl 
indium 
TMIn 88 10.52–  3014/𝑇 In source, InN 
InAlN, InGaN 
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3.4 Gas manifold 
The gas manifold comprises of computer controlled valves, mass flow controllers and pipes 
that control the precursor flows and pressures. All the flows are must be precisely controlled 
without fluctuations. Any fluctuations in precursor flows can result in variations in film 
composition and thickness. Precursor flows may be measured accurately using mass flow 
controllers (MFCs). MFCs and pressure controllers are important parts of a growth system. An 
MFC uses a flow meter as a feedback to an electronically controlled needle valve to control the 
flow.  The TMI flow is kept separate from N2 precursor flows before introduction into the reaction 
chamber. The separation of the reactants excludes the possibility of gas phase reactions in the gas 
manifold pipes to avoid deposition in pipes [105].  
 
Figure 3.4 Schematic of gas manifold used for precursor delivery to reaction chamber with 
plasma-assisted MOCVD system in the present study 
 
Gas manifold works in a “vent/run” configuration [106],[107], as shown in Fig 3.4. This 
configuration helps in making sure that precursor flows are steadily established at the intended 
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values to the vent before directing them to the reaction chamber. The flows are then switched from 
vent line to run line that goes directly to the reaction chamber to start the film growth process.  
 
3.5 Reaction chamber 
The thermal decomposition of indium precursors and the deposition reactions occur in the 
reaction chamber. The reaction chamber used in present study is cold walled, hence the substrate 
holder or susceptor is the only part of the reaction chamber that is being deliberately heated. 
Cooling the walls reduce the possibility of competing reactions at the walls that can affect the final 
yield of the deposition reaction on the substrate. Reaction chamber walls are made of stainless 
steel. 
The reaction chamber is equipped with a N2 flushed load lock to keep the ambient air from 
coming in contact with the reaction chamber during the loading and unloading of the sample. The 
optical access to the system is possible through the viewports. This allows measuring… The 
substrates are placed on the wafer carrier, that is heated from underneath using a resistive heater.  
The reaction chamber has vertical geometry [108],[109] in which the nitrogen plasma generated 
by hollow cathode plasma source comes down to the substrate to chemically react with the indium 
atoms as shown in figure 3.5. .  
 
 
27 
 
Figure 3.5 Schematic of a plasma-assisted MOCVD reaction chamber (left) and reaction 
kinetics on substrate surface (right) 
 
 
3.6 Growth process 
The growth process in the present study is as follows. TMI is injected into the chamber 
above the showerhead. The showerhead helps distributing the TMI evenly over the substrate 
surface. The decomposition of TMI occurs near to substrate due to heat coming out of the substrate. 
The activated nitrogen species are generated by hollow cathode plasma source operating at 
13.56MHz. The chemical combination between indium and activated nitrogen species occurs at 
the substrate surface as shown in the insert of Fig. 3.5. 
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3.7 Characterization techniques 
Grown indium nitride films were characterized by X-Ray diffraction (XRD), Raman 
spectroscopy and Fourier Transform Infrared spectroscopy (FTIR). Furthermore, the Atomic Force 
Microscopy (AFM) which is a non-optical method is also used to study the surface morphology of 
the films[110]. In this section each of the characterization method description is given as follows. 
 
3.8 Raman spectroscopy 
Raman spectroscopy is a light scattering technique, in which a very small amount of light 
is scattered at different wavelengths than the incident light. Incident light usually comes from a 
laser light source. A large percentage of the scattered light is at the same wavelength as the laser 
source, hence doesn’t contain any useful information on the material it is scattered from – this is 
called Rayleigh Scatter, there is no energy exchange of the radiation with matter and is therefore 
elastic scattering. But, a small quantity of light (10-8 %) which is scattered at different wavelengths 
(is therefore inelastic scattering), depends on the chemical structure of the analyte – this is called 
Raman Scatter. The inelastic scattering of light was theoretically predicted by A. Smekal in 1923 
[111],[112]  and the first experimental demonstration of this effect was achieved by C.V. Raman 
and K. S. Krishnan in 1928 [113]. The effect was later named after C.V. Raman as Raman effect. 
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Figure 3.6 The fundamental interaction of light with a molecule in Raman scattering 
 
A Raman spectrum comprises of a number of peaks, showing the frequency and intensity 
of the Raman scattered light, each of which, corresponds to a specific molecular bond vibration, 
individual bonds, groups of bonds, lattice modes, etc. 
There are two fundamental types of Raman scattering processes. When the frequency of 
scattered radiation is decreased compared to the exciting radiation, the process is called Stokes 
scattering in which molecule or atom absorbs energy.  If the scattered radiation has a larger 
frequency compared to the exciting radiation, the process is called anti-Stokes scattering, in which 
molecule or atom loses the energy. 
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Figure 3.7 Jablonski diagram for Rayleigh and Raman scattering processes 
 
Raman effect happens based on the following series of events. The material gets excited to 
a virtual state by absorbing an incoming photon of frequency “ω” and wave vector “k”. An 
elementary excitation of frequency ωp and wave vector q is generated (Stokes process) or 
annihilated (anti-Stokes process). In case of solids these excitations can be magnons, plasmons or 
phonons. A scattered photon of frequency ωs and wave vector ks is generated by a recombination.  
The processes of Rayleigh, Stokes, and anti-Stokes scattering are described in fig 3.7. 
 
(i) Experimental setup 
The schematic of the experimental setup used to measure Raman spectra of the InN films 
in the present study is shown in the Figure 3.8. Since a Raman signal is generally very weak (only 
~10-8 of the total scattered photons are Raman scattered), a laser is used as the excitation source. 
The choice of laser wavelength depends entirely on the application. 
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Figure 3.8 Schematic of Raman scattering measurement system used in this work 
 
The laser light is focused onto the sample through a beam-splitter and confocal optics, and 
the scattered light from the sample is also collected by confocal lens and beam-splitter. This beam 
is focused onto a mirror. The reflected light from the mirror is focused onto the McPherson double 
subtractive monochromator. An interference or Rayleigh rejection filter is used to filter only the 
Raman scattering light. A high resolution spectrum is generated by a grating 1800 lines/mm. The 
signal from the grating is collected by the liquid nitrogen cooled charged coupled device (CCD). 
The CCD measures the light intensity from each wavelength section. Data collection and system 
control is performed by the0LabVIEW-based software run on personal computer. 
 
(ii) Kinematical limitations for Raman scattering 
Considering only the first-order Raman scattering, the conservation of energy and 
momentum equations are, 
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ℏ𝜔𝑠 = ℏ𝜔𝑖 ± ℏ𝜔𝑝     (3.2) 
𝑘𝑠 = 𝑘𝑖 ± 𝑞                 (3.3) 
where, ‘+’ is the case of anti-Stokes and ‘-’ for the case of Stokes scattering. Also the 
incident wave vector is 𝑘𝑖 = 𝜔𝑖𝑛(𝜔𝑖)/𝑐 and the scattered wave vector is given by 𝑘𝑖 =
𝜔𝑠𝑛(𝜔𝑠)/𝑐 ; n is the refractive index, and c is the speed of light in vacuum.  
Let us consider an ideal crystal with translational symmetry. Momentum conservation 
holds only for those samples with large scattering. Light scattering experiments are generally 
performed with visible light (i.e. ω/2π ~ 1014-1015 Hz). The frequency of exciting radiation is of 
the order of ω /2π ~3×1011-1014 Hz (10 - 3000 cm-1) which corresponds to far- to near-infrared 
spectral range [113]. Since the energy transfer is smaller compare to the energy of the photons in 
the incident radiation this implies that 𝜔𝑝  =  𝜔𝑖  and |𝑘𝑖|  ≈  |𝑘𝑠|. Uusing these approximations 
the wave vector can be written as |𝑞|  ≈  2 |𝑘𝑖|𝑠𝑖𝑛(𝜃/2); θ is the angle between the incident and 
scattered radiation. The maximum value excitation wave vector is |𝑞𝑚𝑎𝑥|  ≈  2 |𝑘𝑖|  ≈
 𝜔𝑖𝑛(𝜔𝑖)/𝑐 and follows the condition |𝑞𝑚𝑎𝑥| < 3 × 10
−3𝐴𝑜
−1
 for typical Raman scattering 
experiments. This is small compared to the size of the Brillouin zone boundary |𝑞𝑚𝑎𝑥| ≈
2𝜋
𝑎
≈
1Å−1; a is the lattice constant of the crystal [114]. This concludes that the Raman scattering 
experiments can probe only those excitations that are very close to the Brillouin zone center 
(|𝑞𝑚𝑎𝑥|  ≈ 0).  
 
(iii) Raman and IR Allowed Phonons for Hexagonal Structure 
The space group for the hexagonal structure is 𝐶6𝑣
4 . The 𝐶6𝑣
4  includes the translations, 
reflections and rotation operations. To find the symmetry of IR and Raman active phonon modes, 
the irreducible representations of a vector in the structure must be identified. When the space group 
33 
is known, the corresponding character table can be found in the literature. A character table 
consists of a complete set of possible symmetry operations for a point group. The character table 
for 𝐶6𝑣
4  point group symmetry [115] derived from group theory is shown in Table 3.3. 
 
 
Table 3.3 Character table and the symmetry operation for C6v point group symmetry 
C6v  E 2C6(z) 2C3(z) C2(z) 3σv 3σd linear 
functions 
quadratic 
functions 
cubic  
functions 
A1 Г1 +1 +1 +1 +1 +1 +1 z x
2+y2,  z2 z3, (x2+y2)z 
A2 Г2 +1 +1 +1 +1 -1 +1 Rz --- --- 
B1 Г3 +1 -1 +1 -1 +1 -1 --- --- x(x
2 - 3y2) 
B2 Г4 +1 -1 +1 -1 -1 -1 --- --- y(3x
2 - y2) 
E1 Г5 +2 +1 -1 -2 0 0 (x, 
y) 
(Rx, Rz) 
(xy, yz) (xz2, yz2), 
(x(x2+y2), 
y(x2+y2)) 
E2 Г6 +2 -1 -1 +2 0 0 --- (x
2 - y2,  
xy) 
(xyz,  z(x2-y2)) 
 
 
 
𝐶6𝑣
4  in the character table 3.3, is Schoenflies symbol is for the point group. The first column 
shows Mulliken symbols given by the irreducible representations. Ai denotes the symmetry with 
respect to rotation of the principle axis. Bi denotes the antisymmetric with respect to rotation 
around principle axis, and Ei shows that representation is doubly degenerated. E denotes the 
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identity operation. Cn denotes n-fold rotation i.e. rotation by 2π/n about an axis of symmetry.  
Wurtzite structure has two six-fold (2C6) symmetry axes that are parallel to the [0001] direction 
i.e. 2π/6 rotation and10π/6 rotation, two threefold (3C3) rotations about the [0001] direction i.e. 
2π/3 and 4π/3, one two-fold (C2) rotation around the [0001] direction by π, there are six mirror 
planes three ( 3σ v ) of them are passing opposite vertices of the hexagon making π/3 each other 
and three ( 3σ d ) are passing through faces of hexagon making π/3 each other [116],[117].  
The x, y and z are the Cartesian coordinates and the rotation about these axes are Rx, Ry, 
and Rz.. The px, py, and pz orbitals have the same symmetry as x, y, and z. The dipole moments 
along these axes is μx = −ex, μy = −ey and μz = −ez.  
The dipole selections for IR spectroscopy is (∂μ/∂Q)0≠ 0, this implies that any vibration 
must change the dipole moment of the molecule for a phonon to be IR active. Since x, y, z and the 
atomic displacements and behave likewise, the IR active modes transform as x, y or z. Following 
the Table 3.3, A1 and E1 are IR active phonon modes. 
The orbitals p and d orbitals (dxy, dxz, dyz, dx
2
-y
2
, and dz
2) correspond to the terms xy, xz, yz, x2-y2 
and z2. A complex polarizability tensor (also termed as the susceptibility) must alter for a phonon 
mode to be a Raman active. As the polarizability operator obeys the identical symmetry for binary 
and quadratic functions of x, y, and z, the phonon modes transform these functions, and hence are 
Raman active phonon modes. According to the Table 3.3, A1, E1, and E2 are the Raman active 
phonon modes [118]. Table 3.4 summarizes the number of the different long-wavelength phonon 
modes with N atoms unit cell. 
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Table 3.4 The phonon modes associated with a unit cell with N basis atoms 
Phonon Number of modes 
Longitudinal acoustic 1 
Transverse acoustic 2 
Longitudinal optical N – 1 
Transverse optical 2N – 2 
Total # of optical modes 2N – 3 
 
 
The irreducible representation of phonon modes for the wurtzite structure can be found by 
constructing a table for reducible representation of symmetry operations in wurtzite structure and 
reconstructing the irreducible representations of phonons afterwards. The phonon modes at the 
Brillouin zone center are, 
Γirreducible  =  ΓAcoustic+ΓOptical = 2A1 + 2B1 + 2E1 + 2E2            (3.4) 
The table 3.3 implies that the B1 phonon mode is not Raman or IR active. Hence, for the 
optical phonon modes that are Raman-active, 
ΓOptical = A1 + E1 + 2E2     (3.5) 
A1 and E1 are the polar phonons that split into longitudinal acoustic and longitudinal optical 
(LA, LO), as well as into transverse acoustic and transverse optical (TA, TO). The optical branches 
of A1 and E1 are both Raman and IR active. The non-polar B1 and E2 phonons are labelled as high 
or low according to their frequencies. The optical phonon modes for wurtzite structure are 
illustrated in Fig. 3.9.  
The Raman scattering measurements used in the present work (schematically shown in 
Figure 3.8) are done in backscattering geometry. The phonon modes that can be observed in z(x, 
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x)z̅ backscattering geometry are A1-LO and E2 phonon modes. The symbols, outside the bracket 
left to right indicate the direction of the incident and scattered light, respectively. The symbols in 
the z(x, x)z̅ , left to right show the direction of the incident and scattered polarization, respectively. 
The z- direction is along the c-axis and x- and y- directions are perpendicular to the c-axis. 
 
 
 
Figure 3.9 Optical phonon modes of wurtzite structure 
 
 
3.9 X-ray diffraction (XRD) 
X-ray diffraction or simply XRD is a versatile tool for the structural analysis of materials. 
Monochromatic X-rays are generally chosen for material analysis. When the x-rays are directed 
on a crystal, ray reflection of different atomic planes result in diffraction pattern with angular 
resolution of interference fringes originating from lattice planes with different spacing. 
Constructive interference occurs when the path difference is equal to an integral multiple of the 
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wavelength. The path difference between interfering waves can be expressed as a function of the 
lattice spacing and the angle of incidence[119]. The relation between the lattice spacing d and 
incidence angle θ (Bragg’s law) can be written as: 
𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃      (3.6) 
 
 
Figure 3.10 Schematic representation of x-ray diffraction; Bragg’s diffraction (left) and 
relationship of the incident, diffracted, and scattering vectors with respect to the crystal 
 
Here n is the order of diffraction, λ is the X-Ray wavelength, θ is the angle of incidence and 𝑑ℎ𝑘𝑙 
inter-planner spacing in the lattice. Conditions for constructive interference is illustrated in the 
Figure 3.10 [120]. 
The angle 2θ between the incident X-ray and the detector, is measured experimentally. The 
crystal acts as a 3-dimensional diffraction grating. If the sample, or detector, or both move, a 
collection of diffraction maxima can be obtained. Each collection of crystalline planes produces a 
diffraction spot. The shape and location of these diffraction spots are correlated with the crystalline 
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inter-planner spacing and crystallite sizes. The diffraction spots and crystalline planes in reciprocal 
space form a 3D reciprocal lattice [120].  
The direction of the S vector depends on the angle ω as shown in Fig. 3.10. The reciprocal 
lattice can be investigated using the scattering vector and the magnitude of the S vector dependence 
on the angle 2θ [120]. Reciprocal space can be found by rotating the detector and the sample in an 
X-ray diffractometer.  
The lattice parameter c may be determined for a hexagonal crystal system by measuring 
the two high angle symmetric reflections (d0006 and d0004) and using the Eq. 3.7[120].  
1
𝑑ℎ𝑘𝑙
2 =  
4
3
ℎ2 + 𝑘2 + ℎ𝑘
𝑎2
+
𝑙2
𝑐2
        (3.7) 
From high-angle asymmetric reflections measurements (usually, d10-15, d20-25, or d20-24) and 
the previously calculated lattice parameter value “c”, the lattice parameter “a” can be determined.  
A diffractometer used in our work has a sample stage allowing only in-plane rotation. Both 
source and detectors can rotate around the sample stage allowing independent control of Theta and 
Omega angles.  
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Figure 3.11 The example geometry for the X-ray diffractometer and sample reference frame with 
axes of rotation. The φ axis is normal to sample while ω is in plane with the sample 
 
 
In order to record the diffractogram, the sample was placed on the sample stage. Initial 
coarse Theta-2Theta scan was performed. With the detector positioned at the InN (0002) peak (or 
sapphire (0006) peak) the sample was rotated in plane to optimize PHI. Then the Theta-2Theta 
scan data was collected in the range of interest. The angle of incidence was set to be relatively 
shallow (~18o) allowing XRD spectrum to be recorded using the available sample holder. 
Shallower angle resulted in stronger detected signal, given the typical studied film thicknesses 
ranging from 2 nm to 500 nm.  
I am thankful to Dr. Daniel Deocampo at Georgia State University for sharing his XRD 
facility that was used to measure samples in the present study.  
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3.10 FTIR 
In the present study the FTIR reflection spectroscopy was to used to measure film 
thickness. Schematic of FTIR spectrometer based on Michelson interferometer used in this work 
is shown in Fig. 3.11. The light coming from the source is split into two parts by the beam splitter. 
One beam can be partially reflected onto the fixed mirror and the other beam can be transmitted to 
the movable mirror, which moves a very short distance away from the beam splitter. The two 
partial beams that are reflected off from the mirrors, interfere at the beam splitter. The waves 
acquire phase difference with respect to each other for different positions of the moving mirror. 
The output of the detector is a function of the position of the mirror x/2. The optical path difference 
between the two beams is x.  
 
Figure 3.12 Schematic of FTIR measurement system 
 
The result of this path difference is an interference pattern I(x). This is then Fourier Transformed 
to obtain the spectrum by the computer. The spectrum S is given by  
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𝑆(𝑣) = ∫ 𝐼(𝑥)𝑒2𝜋𝑖𝑣𝑥𝑑𝑥 = 𝐹−1[𝐼(𝑥)]
+∞
−∞
             (3.8) 
𝐼(𝑥) = ∫ 𝑆(𝑣)𝑒−2𝜋𝑖𝑣𝑥𝑑𝑣 = 𝐹[𝑆(𝑣)]
+∞
−∞
                (3.9) 
 
The integral in Eq. 3.8 is the inverse Fourier Transform while the one given by Eq. 3.9 is 
the Fourier Transform. FTIR spectrometers usually use the Globar source as the IR source for MIR 
region. For the far IR and near-IR region mercury discharge lamp and tungsten-halogen lamp are 
used, respectively.  
 
3.11 Atomic force microscopy (AFM) 
Atomic force microscopy is a technique that uses the measurement of forces between a 
sharp tip and the sample surface to construct the material surface topography at nanoscale. Figure 
3.1 illustrates basic components of a typical AFM system.  The sharp tip is mounted on the 
cantilever. The deflection of the light beam reflected of the cantilever is measured to calculate the 
cantilever deflection, which is then converted into the tip-material interaction force. The change 
in force is recorded as a function of the tip position on the surface and a topography map of the 
surface is generated. There are three critical components that must be controlled to achieve high 
resolution. A cantilever with a sharp tip. The stiffness of cantilever must be less than the effective 
spring constant that is keeping atoms together. The tip are made with curvature radius as small as 
possible (typically it ranges within 20 – 50 nm). A piezo-electric tube scanner is used to control 
the movement of the sample in the x, y, and z-directions.  
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AFM can operate in two basic modes.  Constant force mode is performed with the feedback 
control mode. In this mode, moving the sample up and down, the piezo will adjust the tip-
separation to maintain a constant force and deflection mode, without the feedback control mode, 
this mode is useful for imaging very flat samples at high resolution. 
 
 
Figure 3.13 A schematic of a typical AFM [153] 
 
In this work AFM in tapping mode was used to measure the surface morphology of all samples. 
In tapping mode, the cantilever is set to oscillate at its resonant frequency. A constant oscillation 
amplitude is retained with constant frequency and amplitude of the driving signal while scanning 
the sample. The cantilever oscillation is done with the help of a piezo element in its holder. The 
oscillation amplitude varies from a few nm to 200 nm. The cantilever oscillation amplitude is used 
as a feedback parameter. The distance between the cantilever tip and the sample surface is kept 
constant as the tip scans over the surface. Vertical cantilever motion that keeps this distance 
constant is recorded as the surface topology profile. [121].  
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4 INFLUENCE OF PLASMA ACTIVATED NITROGEN ON INDIUM NITRIDE 
GROWTH  
 
4.1 Introduction 
Plasma is a quasineutral medium in which there are approximately equal numbers of 
positively and negatively charged particles (mainly ions and  electrons). In the laboratory, plasma 
may be produced by heating a gas to extremely high temperatures, or by the application of DC or 
low frequency RF (<100 kHz) or high frequency RF(~13.56 MHz) electric fields, to the gap 
between two metal electrodes, the latter being called capacitively coupled plasma (CCP). In this 
work the plasma used for InN PA-MOCVD, CCP technique has been used.  
Upon excitation the plasma constituents will lose their energy fairly quickly. Out of all the 
possible mechanisms through which this energy can be lost, the most important one is by releasing 
a photon to carry the energy away. And this gives rise to the typical plasma glow. In optical atomic 
spectroscopy, the wavelength of the emitted photon can be used to determine the identity of the 
different plasma species and the number of photons is directly proportional to the concentration of 
that specie in the plasma. The methods of atomic emission spectroscopy, when applied to such a 
emission spectrum, yield the energy and concentrations of various plasma species. 
In the present study the nitrogen plasma has been used as a nitrogen precursor for plasma-
assisted MOCVD growth of InN. In principle the atomic nitrogen ions from the plasma chemically 
combine with the indium atoms to form InN at the substrate. Atomic nitrogen ions in this work 
were generated directly from N2 by ionizing it in CCP source. This approach has not been used in 
CVD, but PAMBE is well known. 
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The understanding of various growth parameters in the plasma composition and ion 
energies is vital to achieve high quality growth of InN. Properties of plasma can be measured by 
atomic emission spectroscopy.  
In this chapter, the methods of atomic spectroscopy are discussed to analyze the nitrogen 
plasma composition and the composition of plasma affects the InN growth process and its 
structural properties. The change in energy and concentration of various plasma species (neutral 
and ionized, atomic and molecular) were extracted from the in-situ optical emission spectra 
(example spectrum is shown in Fig. 4.1) measured at the growth surface. The plasma emission 
spectra were analyzed using atomic emission spectroscopy[122]. A strong correlation has been 
found between the growth rate of InN films and atomic nitrogen ion (N+, N+2, N+3) flux.  
Numerous investigations of the RF-nitrogen plasma have been previously done by optical 
emission spectroscopy[123],[124, 125] and quadrupole mass spectrometry[123, 126, 127]. These 
investigations indicated that the outputs of the RF-sources contain atomic nitrogen, metastable 
molecular nitrogen, and molecular nitrogen ions.  The molecular nitrogen ions have been proposed 
as the responsible species for the growth of GaN under the metastable growth conditions used in  
PA-MBE[128]. In this chapter I describe experiments that demonstrate that the atomic nitrogen 
ions have a dominant effect on the PA-MOCVD growth of InN films and their structural properties. 
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4.2 Sample growth 
Three sample sets of InN were grown at different reactor pressures. The RF power was 
varied within each set. Power dependence on the pressure info. (theory). The power range for 
sample sets A (2.2 Torr, V/III=57), B(3.8 Torr, V/III=805) and C (4.2 Torr, V/III=822) was 100W 
– 300W, 300W – 425W and 350W – 550W respectively. Nitrogen flow through the plasma source 
was kept the same within each set. Table 4.1 summarizes the growth conditions used for each 
sample set. 
Table 4.1 Growth conditions for three sets used in this study of InN growth 
Set V/III 
molar ratio 
Growth 
pressure(Torr) 
Growth 
Temperature(oC) 
RF power 
(W) 
A 57 2.2  ± 0.24 775 100 - 300 
B 805 3.7 ± 0.26 775 300 - 425 
C 822 4.2 ± 0.26 775 350 - 500  
 
 
The substrate preparation steps for three sets were kept same and are as follows. Sapphire 
substrates were heated to 250oC. At 250oC the substrates were exposed to 100sccm of H2 gas at 
201Torr for 5 minutes. After that, the substrates were further heated to 500oC in nitrogen gas 
keeping the pressure at 2.1Torr. The InN nucleation layer was deposited at 500oC, 2.1Torr, 150W 
RF power, 750sccm N2 plasma and 250sccm Trimethylindium for 5 minutes. The samples were 
further heated to 775oC. And then films were at the conditions mentioned in the Table 4.1. 
For all the samples, the plasma spectra were recorded during growth above the growth 
surface. The grown samples were characterized by FTIR, Raman and XRD. Results of these 
measurements are provided in sections 4.5 of this chapter. 
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Figure 4.1 Growth conditions for sample set B 
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4.3 Plasma emission spectroscopy measurements 
The glow of nitrogen plasma and corresponding emission spectrum is shown in Fig. 4.1. The 
emission spectrum of nitrogen is dominated by the molecular transitions (mainly rotational and 
vibrational) in the spectral range 250nm to 700nm. The rest of the spectrum from 700nm to 11nm 
is mainly due to the transitions in the atomic nitrogen ions. In the present study the transition’s 
belonging to N+ ions are used to characterize the plasma composition. Most of these emission 
lines lie in the range 700nm to 900nm. The spectral region used for analysis is showing the dotted 
line box in Fig. 4.2. 
 
 
Figure 4.2 (Left) The optical emission spectrum of nitrogen plasma at RF power ~ 300W and 
2..2 Torr reactor pressure. The boxed section represents the the spectral range used to analyze 
the plasma composition in the present study. (Right) Nitrogen plasma glow 
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Figure 4.3 Nitrogen emission spectrum (solid line) and its multi-peak fit (dashed line) 
measured above the sample surface. N+ spectral transitions are labelled 
 
4.1.1 Plasma composition analysis 
Plasma emission spectrum can be analyzed not only to identify the gas by its spectral lines, 
but also to extract its quantitative composition. The ratio of the number densities of the neutral and 
ionized species is described by the Saha–Boltzmann equation (4.1). 
𝑁𝑒𝑛(𝑋𝑖+1)
𝑛(𝑋𝑖)
=
2𝑄𝑖+1
𝑄𝑖
(
2𝜋𝑚𝑘𝐵𝑇𝑒
ℎ2
)
3
2  exp (−
𝜒𝑖
𝑘𝐵𝑇𝑒
)   (4.1) 
where 𝑁𝑒 is the electron number density, 𝑛(𝑋𝑖) is the concentration of the atoms in the 
ionization state i,  𝑄𝑖 is the partition function that includes both the degeneracy and probability of 
the atomic states[129, 130],  𝜒𝑖 is the ionization energy of the neutral atom, m is the electron mass, 
𝑇𝑒 is the electron temperature.  
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𝑇𝑒 was determined from the plasma emission spectra measured above the sample surface 
during growth (typical spectrum is shown in Fig.1a). Boltzmann equation (4.2) relates spectral line 
intensities to the electron temperature Te. 
ln(
𝐼𝑚𝑛𝜆𝑚𝑛
ℎ𝑐𝐴𝑚𝑛𝑔𝑚
) = −
𝐸𝑚
𝑘𝐵𝑇𝑒
+ ln(
𝑁
𝑈(𝑇𝑒)
)    (4.2) 
𝐼𝑚𝑛 is the intensity and 𝜆𝑚𝑛 is the wavelength of the spectral line corresponding to the 
m→n state transition, gm = 2Jm + 1 is the statistical weight, 𝐴𝑚𝑛 is the Einstein transition 
probability of spontaneous emission, 𝐸𝑚 𝑘𝐵⁄  is the normalized energy of the upper electronic level. 
𝜆𝑚𝑛, gm, 𝐴𝑚𝑛 and 𝐸𝑚 values for selected N
+ spectral atomic lines were obtained from the NIST 
Atomic Spectra Database[131], and are shown in Table 4.2. All the emission spectra were fitted 
by a superposition of Gaussian profiles to determine their position, relative intensity, and full width 
at half maximum. The results of the fitting are shown in Tables 4.3 nd 4.4. The obtained results of 
intensity were plugged into Eq. 4.2 and plotted as ln(
𝐼𝑚𝑛𝜆𝑚𝑛
ℎ𝑐𝐴𝑚𝑛𝑔𝑚
) versus E it should result in a linear 
plot as seen in Eq.4.2.  Boltzmann plot[132] for the spectrum in Fig. 4.2 is shown in Fig. 4.3. 
Electron temperatures Te were extracted from the linear fit of the Boltzmann plot for each 
spectrum. Numerically, the electron temperature is given by  
𝐾𝐵𝑇𝑒 = − 
1
𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 𝑝𝑙𝑜𝑡
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Figure 4.4 Boltzmann plot for the N+ spectral lines (dots) and its linear fit (dashed line) 
 
 
 
Table 4.2 Boltzmann plot for the N+ spectral lines (dots) and its linear fit (dashed line) 
λ(nm) Aij (s-1) gi Ei (cm-1) 
734.76 555000 6 110470.244 
748.52 7970000 4 110220.107 
762.82 690000 4 109856.520 
866.44 163000 4 105119.880 
884.36 75000 2 104886.10 
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Table 4.3 Fitting parameters for the plasma emission spectra from sample set A 
Sample # → 1410 1413 1411 1412 
Wavelength E Intensity Intensity Intensity Intensity 
734.76 13.69 139.125 681.21 440.169 594.731 
748.52 13.66 135.78 432.90 327.359 405.644 
762.82 13.62 180.78 700.12 489.158 649.298 
866.44 13.03 404.90 1345.65 991.33 1227.58 
884.36 13.00 713.21 2345.98 1661.18 2108.73 
 
 
Table 4.4 Fitting parameters for plasma emission spectra from sample set B 
Sample # → 1348 1345 1346 1344 
Wavelength E Intensity Intensity Intensity Intensity 
734.76 13.69 136.71 289.33 455.86 333.81 
748.52 13.66 112.94 315.42 543.23 399.12 
762.82 13.62 118.13 365.24 849.92 657.36 
866.44 13.03 281.72 525.11 689.24 620.43 
884.36 13.00 177.21 200.97 516.70 513.85 
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Neutral nitrogen species concentration 𝑛(𝑋0) was determined using the one-line 
calibration-free method utilizing equation 4.3 for an optically thin line (884nm)[133-135].  
𝐹𝑛(𝑋0) =
𝐼𝑚𝑛𝑄0(𝑇)
𝐴𝑚𝑛𝑔𝑚
 exp (−
𝐸𝑚
𝑘𝐵𝑇𝑒
)   (4.3) 
The normalization factor F was determined by normalizing the ionized nitrogen 
concentrations obtained from equation (4.3) and 𝑛(𝑋0).  
The electron density Ne in equation (4.1) was calculated from the linewidth of a Stark 
broadened line [1043nm] using equation 4.4.[136]  
𝑁𝑒 =
𝛥𝜆𝐹𝑊𝐻𝑀×10
16
2𝜔𝑠
    (4.4) 
where 𝜔𝑠 = 4.1 × 10
−3 nm is the Stark-broadening parameter 45.  
The state of local thermal equilibrium (LTE)[126] was verified to be fulfilled for each 
spectrum using the Mc Whirter criterion[137]. The lower limit of the electron density under this 
condition can be determined from this relation. 
𝑁𝑒 ≥ 1.6 × 10
12√(𝛥𝐸)6𝑇𝑒(𝑒𝑉)   ~10
18 ≫  ~1013     (4.5) 
The electron number density for all the analyzed spectra remained ~1018 While the 
electron temperature stayed in the range of 3000K to 7000K. Hence, the LTE condition was well 
verified for all the spectra used in this study. 
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4.4 Results and discussion 
4.4.1FTIR measurements 
The growth rate was determined by fitting interference fringes measured by Fourier 
transform infrared (FTIR) spectroscopy. The fitted FTIR spectra for three sample sets are shown 
in the Figures 4.5, 4.6 and 4.7.  Table for all samples with growth time, film thicknesses, and 
growth rates. 
Results of the plasma analysis for each of the grown samples are summarized in Fig.2. The 
variation in the density of atomic nitrogen ions is found to be in a good correlation with the change 
in growth rate for the three sets of samples used in this study. However, no correlation is found 
between the variation in atomic neutrals or molecular plasma species and the growth rate.   
 
Figure 4.5 InN growth rate and nitrogen plasma species concentrations dependence on plasma 
power level for sample sets A (a), B (b), and C (c) 
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Figure 4.6 FTIR spectra fitting for sample set A 
 
 
 
Figure 4.7 FTIR spectra fitting for sample set B 
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Figure 4.8 FTIR spectra fitting for sample set C 
 
4.4.2 Impact of RF power on plasma parameters 
For the set of samples grown at 2.2 Torr (Set A), the molecular nitrogen species density, 
consisting of both metastable and ionized molecular nitrogen, increases with increasing RF power 
up to 200W as more nitrogen can be excited by electrons. However, at high RF power, molecular 
nitrogen species density decreases due to the collisional quenching with other N2 molecules. The 
collisional quenching becomes the dominant de-excitation process at higher pressures[126]. In 
contrast, both neutral and ionized atomic nitrogen loss through N–N gas-phase recombination 
requires three-body collisions, which do not begin to compete with the loss by diffusion to the 
chamber walls until higher pressures[126]. Since diffusion losses decrease with increasing 
pressure, ionized atomic nitrogen density increases with plasma power at lower pressures.   
For the sample set grown at 3.8 Torr (Set B), The molecular nitrogen species density 
decreases with increasing power up to 375W as more N2 molecules are dissociating into individual 
atoms and atomic ions as evident from the increase of atomic neutrals and atomic ions. The 
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increase in molecular nitrogen species after 375W might be caused by diffusion induced 
recombination of atomic ions into N2 molecules[126, 137]. This indicates the loss of atomic ions 
through N-N gas-phase recombination as evident in Fig. 2.   
The further increase in molecular nitrogen species seen in the sample set grown at 4.2 Torr 
(Set C) after 400W is the continuation of the diffusion induced recombination of atomic ions into 
N2 molecules observed in the sample set grown at 3.8 Torr (Set B) resulting in an increased density 
of molecular nitrogen species. 
4.4.3 Atomic nitrogen ions are the main contributors from nitrogen plasma 
The analysis of the in-situ optical emission spectra along with the variation in growth rate 
indicates that the most dominant chemical combination resulting in InN formation in the present 
case is due to the chemical combination of atomic nitrogen ions with indium. The contribution of 
other nitrogen species to InN growth is negligibly small compared to that of the atomic nitrogen 
species. Considering the available nitrogen species in the plasma, the following are the possible 
chemical combinations resulting in InN. 
𝐼𝑛 +
1
2
𝑁2 → 𝐼𝑛𝑁    (4.6) 
𝐼𝑛 +
1
2
𝑁2
+ + 𝑒− → 𝐼𝑛𝑁    (4.7) 
𝐼𝑛 +
1
2
𝑁2
− → 𝐼𝑛𝑁 + 𝑒−    (4.8) 
𝐼𝑛 + 𝑁 → 𝐼𝑛𝑁    (4.9) 
𝐼𝑛 + 𝑁+𝑛 + 𝑛𝑒− → 𝐼𝑛𝑁, 𝑛 = 1,2,3    (4.10) 
The previously discussed analysis of the in-situ optical emission spectra along with the 
variation in growth rate indicates that the most dominant chemical combination resulting in InN 
formation in the present case is given by equation (4.10). The contribution of other nitrogen species 
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to InN formation is either negligibly small, or they are hindering the InN formation rather than 
contributing to the growth. 
Dependence of InN growth rate on the concentration of atomic nitrogen ions: 
Correlation of the InN growth rate with atomic nitrogen ions is shown in Fig. 4.8. Growth 
rate increases with the increase of the atomic nitrogen ion flux controlled by the RF power level. 
Samples grown at different conditions (pressures, V/III ratios) demonstrate the same correlation. 
 
 
 
Figure 4.9 The film growth rate as a function of atomic nitrogen ion flux for three 
different sets of samples 
 
58 
4.4.4 Impact of nitrogen plasma species on InN structural properties 
4.4.4.1 Raman spectroscopy 
The influence of plasma species on the structural properties of InN has been studied via 
Raman spectroscopy.  Raman spectra for the three sets of InN samples grown at various pressures 
is shown in Fig. 4. The E2-high (489 cm
-1) and A1-LO (590 cm
-1) phonon modes were observed in 
each of the sample sets. 
 
Figure 4.10 Raman spectra measured on InN films plotted for set A (a), set B (b) and Set C (c) . 
Numbers indicate the RF power levels. (d) The E2-high phonon mode relaxation time 
dependence on nitrogen ion flux 
 
The phonon relaxation time was estimated using the FWHM and peak position of the E2-
high and A1-LO phonon modes extracted from a multi-peak fit of the Raman spectra[137]. Fig 
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4(d) shows the E2-high phonon mode relaxation time as a function of atomic nitrogen ion flux for 
each set of samples.  
 
Figure 4.11 Example fitting of the Raman spectra measured on InN films plotted on the 
InN sample grown at 450W in set C. The phonon modes are labelled 
 
 
The phonon lifetime in Raman spectroscopy is limited by the following two mechanisms: 
(i) anharmonic decay of the phonon into other phonons with a characteristic decay time and (ii) 
the perturbation of the translational symmetry of the crystal due to impurities and defects with 
distinctive decay time. A longer decay time for a phonon mode means smaller defect densities for 
that particular phonon mode. Although it is hard to distinguish between the contribution of both 
mechanisms, a characteristic decay time associated with the defects can be estimated using the 
FWHM of Raman fits7. The phonon lifetime τ can be determined from the Raman linewidth via 
the energy-time uncertainty relation. 
1
τ
=
2𝜋×𝛿
ℎ
     (4.11) 
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where 𝛿 is the Raman linewidth and “h” is the Planck's constant. 
The E2-high phonon relaxation time increases with the increase of atomic nitrogen ion flux 
within each of the sample sets. It is likely to be caused by a decrease in nitrogen vacancies in the 
grown InN which are primary contributors to the E2-high mode[137]. No significant correlation 
has been observed between the A1-LO phonon mode relaxation time and the atomic nitrogen ion 
flux. 
 
4.4.4.2 X-ray diffraction 
XRD spectra were recorded on several samples from Set A grown at 2.2 Torr with 
V/III=57. Figure 4.5 shows 𝜃-2𝜃 scans for three samples grown at RF power levels of 100W, 
200W, and 300W. For all analyzed samples, peaks located at 31.38o, 64.90o, and 41.85o were 
identified as (0002) InN, (0004) InN, and the (0006) Al2O3 substrate respectively. Lower intensity 
peaks of (101̅1) InN and (202̅2) InN located at 33.0o and 69.22o respectively, indicate the 
polycrystalline structure of the grown film mostly crystallographically locked to the substrate. In 
order to achieve monocrystalline film most likely the InN growth initiation on sapphire surface 
should be optimized. The obtained XRD results are consistent with results previously reported by 
Gao et al.48 for InN grown at 550 ˚C by MBE. Peaks labeled as “*” are likely artifacts of the 2o-
offcut c-plane sapphire substrate as described by Mukherjee et al[138]. Increasing (0002) InN peak 
intensity with increasing RF power level correlates with increasing growth rate resulting in a 
thicker InN film.  
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Figure 4.12 XRD spectra measured on InN films grown at 2.2Torr, V/III ratio of 57, at 
varying RF powers indicated in the legend 
 
4.5 Conclusions 
In summary, InN films were grown by PA-MOCVD. The composition of nitrogen plasma, 
used as the nitrogen precursor, was analyzed using optical emission spectroscopy. The atomic 
nitrogen ion species were shown to have a dominant impact on the InN growth rate compared to 
atomic nitrogen neutrals and molecular nitrogen species. The structural quality of the films was 
characterized by the E2-high phonon mode relaxation time determined by Raman spectroscopy.  
InN structural quality was found to depend significantly on the flux of atomic nitrogen ions. This 
provides us with a better understanding of the InN growth mechanism in PA-MOCVD systems 
and paves the path for further nitride-based semiconductor growth optimization to achieve 
industrial-scale high-quality film growth in these systems.  
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5 SUPER-STURATION MODEL FOR INDIUM NITRIDE PA-MOCVD 
5.1 Supersaturation 
During InN growth in MOCVD reactor indium and nitrogen precursors decompose to 
release In and N ions which chemically react to form InN crystal in form of thin film. The 
crystallization process can be explained using the well-known principles of thermodynamic 
equilibria and kinetic rate processes. During the crystallization process the phase change from 
vapor to the solid phase for each reactant is driven by thermodynamics and the law of free energy 
minimization; in turn, this results from trade between the total enthalpy and entropy of a system.  
As the molecules combine to form a crystal lattice, the order in the vapor-solid system 
increases resulting in a decrease in the global entropy of the vapor-solid system. This results in a 
reduction of the enthalpy and free energy of the system. This explains why a solid phase may be 
thermodynamically stable, and the preferred state for a system. Given, that most of the sample 
growth described in this thesis is done at temperatures above the InN decomposition temperature, 
thorough understanding of the growth thermodynamics should provide a guidance in finding 
suitable growth regime in the growth parameter space. 
For any crystallization process, the supersaturation is the driving force (that “pushes” the 
reaction away from the equilibrium). Supersaturation defines weather a solid phase formation in a 
saturated solution is thermodynamically preferable [139]. In this chapter, the studies on the role of 
the indium supersaturation/chemical potential on the InN growth process and structural and optical 
characteristics for the PA-MOCVD process are described. Besides, a method for the 
thermodynamic indium supersaturation as a function of the certain growth parameters is presented. 
It was found that the growth surface morphology and the structural and optical properties are 
strongly correlated with the In supersaturation. 
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5.2 Calculation of supersaturation 
The chemical reaction forming the InN is steered by the supersaturation of indium species 
in the gas phase. All thin film growth processes, including growth in PA-MOCVD systems, are 
non-equilibrium processes with a driving force toward the equilibrium. The driving force for thin 
film formation is the deviation from the thermodynamic equilibrium and can be quantitatively 
described by the change in free energy of the process[140] ∆𝐺 =  −𝑅𝑇 ln (1 + 𝜎), where the 𝜎 is 
the supersaturation defined for indium as 
𝜎 =
𝑃𝐼𝑛
𝑖𝑛𝑝𝑢𝑡
−𝑃𝐼𝑛
𝑒𝑞
𝑃𝐼𝑛
𝑒𝑞                (5.1) 
Here 𝑃𝐼𝑛
𝑖𝑛𝑝𝑢𝑡
 is the input partial pressure of the In and 𝑃𝐼𝑛
𝑒𝑞
 is the equilibrium partial pressure 
of In at given reaction conditions. The supersaturation for  In can be calculated using the procedure 
described by Koukitu et al. for GaN[141]. The method of calculation will be based upon the molar 
flows of all the gases into the reactions chamber, the fraction of atomic nitrogen ions, the chamber 
pressure and substrate temperature. The equilibrium partial pressure of indium is calculated from 
the growth conditions, which is then plugged in to Eq. 5.1 to get the supersaturation. 
Nitrogen gas through the plasma source (Plasma N2) and trimethylindium (TMI) are 
injected into the reaction chamber, where they chemically combine to give InN. The chemical 
co,bination can be described as chemical equations as 
𝐼𝑛 +
1
2
𝑁2  
𝑅𝐹
⇔  𝐼𝑛𝑁              (5.2) 
The equilibrium equation corresponding to this reaction is the ratio of the activity of InN 
to the equilibrium partial pressure of indium  𝑃𝐼𝑛 and square root of the partial pressure of plasma 
nitrogen i.e. 
𝐾 = 𝑎𝐼𝑛𝑁/𝑃𝐼𝑛𝑃𝑁2
1/2
    (5.3) 
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The equilibrium constant “K” for the reaction can be described in terms of the substrate 
temperature T [129-133] as 
log10𝐾(𝑇) = 15.7 + 3.82 ×
104
𝑇
+ 0.289 log10(𝑇)  (5.4) 
The total pressure of the system is assumed to stay constant during the growth process. It 
can be written as: 
𝑃𝑇 = 𝑃𝐼𝑛
𝑒𝑞
+ 𝑃𝑁2 + 𝑃𝐼𝐺        (5.5) 
Where PIG is the partial pressure of “inert” gases, gasses that are not contributing to the 
final product. The examples of such gasses include the skirt flow of nitrogen that keeps heater safe 
from deposition, the nitrogen push flow in the TMI delivery line (see chapter 3 for details) etc. 
The sum of the partial pressures of  only plasma N2 and elemental In that are participating in the 
growth process, is termed as reduced pressure 𝑃𝑟.  
𝑃𝑟 = 𝑃𝐼𝑛
𝑖𝑛𝑝𝑢𝑡
+ 𝑃𝑁2
𝑖𝑛𝑝𝑢𝑡
        (5.6) 
As described in in chapter 4, the chemical reaction occurring at the growth surface resulting 
in InN formation in PA-MOCVD is defined by the chemical combination of atomic nitrogen ions 
𝑁∗ with indium. Since only atomic nitrogen ions are contributing to chemical combination, the 
decomposition of molecular nitrogen can be expressed as  
𝑁2
𝑅.𝐹
→ 2𝛼𝑁∗ + (1 − 𝛼)𝑁2          (5.7) 
𝛼 is the fraction of atomic nitrogen ions 𝑁∗ is introduced as in equation 5.7. It is the 
function of reactor pressure and RF power. At the increased reactor pressure 𝛼 decreases as more 
atomic ions are forced to recombine to give neutral nitrogen molecules. Similarly 𝛼 increases with 
increase in RF power as increased number of nitrogen molecules have been dissociated into atomic 
nitrogen ions. 
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For all PA-MOCVD growth process in this study, 𝛼 is determined by analyzing the in-situ 
optical emission spectra of nitrogen, using the atomic emission spectroscopy[134-138].  Detailed 
description of this method is given in chapter 4.  
the reduced pressure in equation 5.6, can be rewritten with use of the equation 5.7 as: 
𝑃𝑟 = 𝑃𝐼𝑛
𝑖𝑛𝑝𝑢𝑡 {1 +
𝑉
𝐼𝐼𝐼
(1 + 𝛼)}         (5.8) 
where 
𝑉
𝐼𝐼𝐼
 is the ratio of the input flow to nitrogen to input flow of indium. The molar 
conservation considerations (which itself is the consequence of mass conservation) give the 
following relation between partial pressures. 
𝑃𝐼𝑛
𝑖𝑛𝑝𝑢𝑡
− 𝑃𝐼𝑛
𝑒𝑞
= 𝑃𝑁2
𝑖𝑛𝑝𝑢𝑡
− 𝑃𝑁2
𝑒𝑞
           (5.9) 
Substituting equations 5.3, 5.4, 5.8 and 5.9 into equation 5.6, the final expression can be 
solved for the equilibrium partial pressure of indium 𝑃𝐼𝑛
𝑒𝑞
. 
(𝑃𝐼𝑛
𝑒𝑞
)3 − {3𝑃𝐼𝑛
𝑖𝑛𝑝𝑢𝑡
+ (1 + 𝛾)𝑃𝑝𝑙𝑎𝑠𝑚𝑎 𝑁2
𝑖𝑛𝑝𝑢𝑡 }(𝑃𝐼𝑛
𝑒𝑞)
2
+ (
𝑎𝐼𝑛𝑁
𝐾
)
2
= 0        (5.10) 
As was concluded in Chapter 4, the main chemical reaction that determines the growth 
process is defined by the ionized atomic nitrogen species and does not include the other plasma 
radicals of nitrogen, such as atomic neutrals and molecular ions. Therefore these radicals are not 
considered. However, these radicals may contribute to the growth process through their kinetic 
energy, but they will not determine the yield of the end products as given by the supersaturation. 
Consequently, the reduced total pressure, which remains constant throughout the growth process, 
is determined in terms of the input partial pressure of group III species, input V/III ratio, and the 
parameter 𝛼 which can be determined from the in-situ optical emission spectra using the 
techniques of atomic spectroscopy. 
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As the supersaturation and chemical potential is dependent on the PA-MOCVD process 
parameters, there are various combinations of PA-MOCVD parameters that can lead to the same 
supersaturation and chemical potential and should, according to the above, produce the same 
results, which is not evident from the growth parameters themselves. According to the above 
described thermodynamic model of supersaturation, the III-metal supersaturation is influenced by 
PA-MOCVD process parameters, as shown in Fig 5.1. According to the model, the supersaturation 
was found to be more sensitive to the input indium concentration than the other parameters.  
 
 
 
 
Figure 5.1 The dependence of supersaturation on substrate temperature 
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Figure 5.2 The dependence of supersaturation on reactor pressure 
 
 
Figure 5.3 The dependence of supersaturation on input trimethyl indium 
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5.3 Sample growth 
The growth parameters of the two sets of InN samples, grown for this study, are 
summarized in the Table 5.1. The supersaturation for each sample was calculated using the method 
described in section 5.1.   
Table 5.1 The growth conditions used for sample sets D and E. For set D the 
supersaturation was varied by varying the input indium. For set E, three samples grown 
at widely different growth conditions resulting into indium supersaturation ~ 2 
Set Sample 
I.D. 
V/III molar 
ratio 
Reactor 
pressure(Torr) 
RF 
power(W) 
σ 
D 1393 28 2.6   150  8.26 
D 1395 31 2.6   150  7.38 
D 1394 35 2.6   150  6.42 
D 1396 41 2.6   150  4.61 
E 1423 257 3.8  550 2.03 
E 1428 217 3.2  530 2.13 
E 1425 194 2.4 400 2.09 
 
For the set D of samples, four samples were grown at varying TMI input flows. 
Supersaturation values varied from 4.61 to 8.26. The RF power was fixed at 150W and the reactor 
pressure at 1.6 Torr. 
For set  E of samples ( 3 samples, listed in the Table 5.1) at TMI input flows, reactor 
pressure, and RF power growth parameters were selected in a way to have the same In 
supersaturation σ=2 and hence the same chemical potential. The growth conditions for both the 
sample sets are summarized in table 1 and original growth logs have also been shown in Fig 5.3.  
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Figure 5.4 Growth conditions for sample set D 
 
 
The substrate preparation steps for three sets were kept the same and are as follows. 
Sapphire substrates were heated to 250oC. At 250oC the substrates were exposed to 100sccm of H2 
gas at 2.1Torr for 5 minutes. After that, the substrates were further heated to 500oC in nitrogen gas 
keeping the pressure at 2.1Torr. The InN nucleation layer was deposited at 500oC, 2.1Torr, 150W 
RF power, 750sccm N2 plasma and 250sccm Trimethylindium for 5 mins. The samples were 
further heated to 775oC. And then the films were grown at the conditions mentioned in Table 5.1. 
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5.4 Results and discussion 
5.4.1 Influence of indium supersaturation on structural properties of InN 
5.4.1.1 Raman Analysis 
The impact of indium supersaturation on the structural properties of InN has been studied 
via Raman spectroscopy.  Raman spectra for the two sets of InN samples grown at various 
supersaturation levels (and chemical potential) are shown in Figure 5.4. The E2-high (489 cm
-1) 
and A1-LO (590 cm
-1) phonon modes were observed in each of the sample sets, additionally the 
substrate (Al2O3) peak is also observed at 751cm
-1 and at around 575cm-1.  The phonon relaxation 
time in Raman spectroscopy is limited by the following two mechanisms: (i) anharmonic decay of 
the phonon into other phonons with a characteristic decay time and (ii) the perturbation of the 
translational symmetry of the crystal due to impurities and defects with distinctive decay time. A 
longer decay time for a phonon mode means smaller defect densities for that particular phonon 
mode. Although it is hard to distinguish between the contribution of both mechanisms, a 
characteristic decay time associated with the defects can be estimated using the Raman 
linewidths[137]. The phonon lifetime τ was determined from the Raman linewidth via the energy-
time uncertainty relation. 
1
τ
=
2𝜋×𝛿
ℎ
        (5.11) 
Where 𝛿 is the Raman linewidth, and “h” is the Planck's constant. 
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Figure 5.5 Raman spectra measured on InN films plotted for set D. Numbers indicate the 
indium supersaturation levels 
 
 
 
Figure 5.6 Raman spectra measured on InN films plotted for set E. Numbers indicate the 
growth conditions resulting in indium supersaturation level of 2 
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The phonon relaxation time was estimated using the FWHM and peak position of the E2-
high and A1-LO phonon modes extracted from a multi-peak fit of the Raman spectra[137]. Fig 5.6 
shows the E2-high phonon mode relaxation time as a function of supersaturation for each set of 
samples. The E2-high phonon relaxation time decreases with the increase of indium supersaturation 
in sample set A. It is likely to be caused by the increase in nitrogen vacancies in the grown InN, 
which are primary contributors to the E2-high phonon mode[137]. No significant correlation has 
been observed between the A1-LO phonon mode relaxation time and the indium supersaturation. 
For the sample set B, the E2-high phonon relaxation time remains the same for the whole series. 
 
 
Figure 5.7 The E2-high and A1-LO phonon mode relaxation time dependence on indium 
supersaturation level for set A. 
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Table 5.2 Phonon relaxation time for sample sets D and E. For set A the supersaturation 
was varied by varying the input indium. For set E, three samples grown at widely different 
growth conditions resulting into indium supersaturation of 2 
Set Indium  
supersaturation 
E2-high relaxation time 
(10-12 s) 
A1-LO relaxation 
time (10-12 s) 
D 8.26 1.35 3.68 
D 7.38 1.60 3.72 
D 6.42 1.75 3.46 
D 4.61 7.77 3.49 
E 2.03 7.49 3.75 
E 2.09 7.44 3.97 
E 2.13 7.39 3.72 
 
 It is due to the fact that the indium supersaturation is kept almost constant for the whole 
series, which results in the same chemical potential and hence dictates the similar reaction kinetics. 
As a result, the grown films exhibit similar structural properties. The phonon relaxation time for 
both the sample sets is summarized in table 5.2. 
5.4.1.2 X-ray diffraction 
XRD spectra were recorded on several samples from SetB grown at the indium 
supersaturation level of 2. Fig 5.7 shows 𝜃-2𝜃 scans for these samples. For all analyzed samples, 
peaks located at 31.38o, 64.90o, and 41.85o were identified as (0002) InN, (0004) InN, and the 
(0006) Al2O3 substrate respectively. Lower intensity peaks of (101̅1) InN and (202̅2) InN located 
at 33.0o and 69.22o, respectively, indicate the polycrystalline structure of the grown film mostly 
crystallographically locked to the substrate. In order to achieve monocrystalline film, most likely, 
the InN growth initiation on the sapphire surface should be optimized. The obtained XRD results 
are consistent with results previously reported by Gao et al.[94] for InN grown at 550 ˚C by MBE. 
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Peaks labeled as “*” are likely artifacts of the 2o-offcut c-plane sapphire substrate as described by 
Mukherjee et al[138].  
The crystallite size in each of the sample in set B was determined using Scherrer 
equation[142],[143] given as 
𝜏 =  
𝑘𝜆
𝛽𝑠𝑖𝑛𝜃ℎ𝑘𝑙
                 (5.12)  
Such that 𝜏 is the crystallite size, 𝜆 is the X-ray wavelength, 𝛽 is FWHM of the XRD peak 
and 𝜃ℎ𝑘𝑙  is the diffraction angle. For three samples in set B since the supersaturation values are 
close enough ~ 2, the crystallite sizes for these samples are also very close, varying between 71nm 
to 76nm. This trend seen in Table 5.3 is also complemented by the grain sizes determined by AFM 
for the same sample set.  
 
Figure 5.8 XRD spectra measured on InN films grown at widely different conditions, all 
of which result into Indium supersaturation level 2 
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Table 5.3 The crystallite sizes in (0002) direction determined from XRD for sample set B 
grown at indium supersaturation ~ 2 
Set V/III molar 
ratio 
Reactor 
pressure(Torr) 
RF 
power(W) 
Supersaturation Crystallite 
size (0002) 
B 257 3.8  550 2.03 70.89 ± 2.9 
B 194 2.4 400 2.09 73.44 ± 3.1 
B 217 3.2  530 2.13 76.09 ± 2.8 
 
5.4.1.3 Fourier Transform Infrared Spectroscopy 
The growth rate was determined as the ratio of the film thickness to the total growth 
duration in the units of nm/h. The film thickness was determined by fitting the FTIR reflection 
spectra shown in Figure 5.7. The fitting range used in the spectra lies between 2200 cm-1 and 7000 
cm-1. FTIR fitting was performed using a multi-layer stack modelling method described by 
Senevirathna et. al[144].  
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Figure 5.9 Experimental IR reflectance spectra measured on InN films plotted for set D 
and their simulated fitting 
Table 5.4 Growth rate vs. supersaturation for sample sets D. The supersaturation was varied by 
varying the input indium 
Sample ID Super-
saturation 
Film 
thickness 
(nm) 
Growth 
duration 
(min) 
Growth 
rate (nm/h) 
1393 8.26 67 45 89.34 
1395 7.38 61 50 73.2 
1394 6.42 64 60 64 
1396 4.61 59 70 50.57 
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5.4.2 Influence of indium supersaturation on the surface morphology of InN 
In order to evaluate the influence of supersaturation on the surface morphology of InN in 
PA-MOCVD, atomic force microscopy was used.  Fig 5.8 shows 1x1μm2 AFM images of InN 
films grown at widely different growth conditions, all of them resulting in an indium 
supersaturation of 2. All the grown films exhibited surface morphologies with varying grain sizes 
and RMS roughness with a strong correlation with the supersaturation. The surfaces of these films 
exhibited similar surface morphologies with 4.27 nm to 4.41 nm RMS roughness and average grain 
sizes varying between 40nm to 45nm.  
 
Figure 5.10 Surface morphology measured on InN films plotted for set E via Atomic Force 
Microscopy. Numbers at the bottom of each image indicate the growth conditions resulting in 
indium supersaturation level of 2 
 
 
5.5 Conclusions 
In this chapter I described the indium supersaturation model for the PA-MOCVD process 
is presented. The Gibbs free energy of the reaction of the reaction is linked to the supersaturation 
by the equation. The supersaturation depends upon the growth conditions used. Since there are 
many different combinations of growth parameters that can give the same supersaturation, the 
films grown at those different conditions belonging to a single value of supersaturation should 
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have similar structural and morphological properties, since the reaction kinetics stay same because 
of unaltered supersaturation. It was also found experimentally that films that were grown at 
different growth conditions belonging to the same supersaturation exhibit the similar structural 
and morphological properties. The grown samples were characterized using Raman spectroscopy, 
X-ray diffraction, and AFM. This study suggests that the supersaturation should be considered as 
a universal growth parameter instead of considering the individual growth parameters.  
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6 IMPACT OF PLASMA POTENTIAL ON INDIUM NITRIDE PA-MOCVD 
GROWTH KINETICS AND STRUCTURAL PROPERTIES 
In this chapter, I am discussing the effect of various growth parameters of PA-MOCVD on 
the plasma potential. The impact of varying plasma potential on the growth and structural 
properties of the InN films, and how the growth process and film properties will be affected if an 
external DC bias perturbs the plasma potential.  
 
6.1 Plasma potential and plasma sheath 
A gas-phase plasma consists of electrons, ions, and neutrals. In plasma, the densities of 
electrons and ions are the same on average so that the plasma is electrically neutral as a whole. In 
RF plasma, owing to their smaller mass, on average the electron speed is much larger than that of 
the ions[145]. Hence, the charge distribution between the plasma source and the grounded 
substrate is not uniform: more electrons reach substrate per unit time than ions. 
InN studied in this thesis is grown by plasma-assisted MOCVD, in which the plasma source 
is positioned above the grounded sample surface (see Chapter 2 for detailed description). 
Therefore, a negative potential builds upon the substrate with respect to the plasma. The potential 
at the substrate affects the motion of ions and electrons near it. Therefore, in normal circumstances, 
the bulk of the plasma is positively charged with respect to the substrate. The plasma sheath, thus, 
represents the non-neutral potential region between the plasma and the substrate. Ions and 
electrons recombine at the substrate and leave the plasma system.  
The difference in potential of the bulk plasma and the substrate gives rise to an electric 
field that accelerates ions towards the substrate. A grounded substrate draws currents from the 
plasma. If not grounded, it floats at a potential, that can be measured. The plasma is essentially 
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quasi-neutral and is at a constant positive potential 𝑉𝑃. The floating potential developed at the 
isolated substrate can be termed as 𝑉𝑓 . If the substrate is an insulator, different parts of its surface 
may be at different floating potentials due to the difference in the distribution of electron speeds 
in the local area surrounding the plasma and the electric field set up in the insulator itself. This can 
result in a non-uniform film growth. 
 
Figure 6.1 Schematic of the electric potential distribution in the remote PA-MOCVD system. 
OES represents the optical emission spectroscopy (distances are not to the scale) 
 
 
6.2 Plasma sheath dynamics 
A thorough understanding of the dynamics of plasma sheath formed over a substrate by an 
RF plasma is essential in the fundamental as well as practical aspects. The plasma sheath dynamics 
control the energy and distribution of ions reaching the substrate, which, consequently, affects the 
surface reaction rate, surface morphology, crystalline, and electrical properties of the resulting 
films. High-density plasma reactors have the advantage of quasi-independent control of plasma 
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density and ion bombardment energy[146]. In PECVD systems, it can be achieved by separating 
plasma production (Hollow cathode plasma source operating at 13.56 MHz in our case) from the 
bias voltage applied to the substrate or a grid in between the plasma source and the substrate. The 
effect of the grid bias on the PA-MOCVD process will be discussed later in the section 6.5 of this 
chapter.  
A plasma sheath model developed by Theodoros and Demetre for a collisionless 
sheath[147] has been used in the present analysis. The variation in potential within the sheath is 
described by the Poisson’s equation: 
∇2𝑉 = −
𝜌
𝜖𝑜
  , (6.1) 
where V is potential, 𝜌 is the charge density in plasma, and 𝜖𝑜 is the permittivity of free 
space. The density 𝜌 in the plasma may be expressed as 
𝜌 = 𝑒(𝑛𝑖 − 𝑛𝑒) , (6.2) 
where 𝑒 is the electron charge, 𝑛𝑖 is the ion density, and 𝑛𝑒 is the electron density. 
Following the Boltzmann distribution, the electron density is given by: 
𝑛𝑒(𝑥, 𝑡) =  𝑛𝑒(𝑥𝑠 , 𝑡) exp (
𝑉(𝑥,𝑡)−𝑉(𝑥𝑠,𝑡)
𝑘𝐵𝑇𝑒
) ,  (6.3) 
where 𝑥𝑠 represents the sheath edge, 𝑇𝑒 is the electron temperature. The determination of 
𝑛𝑒 and 𝑇𝑒 from plasma emission spectra is based upon the assumption that electrons have a 
Maxwellian energy distribution. The electron temperature was also assumed to be constant in the 
bulk of the plasma, both spatially and temporally. Moreover, if the sheath is considered to be 
collisionless, the ion density 𝑛𝑖 and ion fluid velocity 𝑢𝑖 can be described by the following 
conservation equations. 
𝑛𝑖(𝑥, 𝑡)𝑢𝑖(𝑥, 𝑡) =  𝑛𝑖(𝑥𝑠, 𝑡)𝑢𝑖(𝑥𝑠, 𝑡)    (6.4) 
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𝑚𝑖
2
𝑢𝑖
2(𝑥, 𝑡) + 𝑒?̅?(𝑥, 𝑡) =
𝑚𝑖
2
𝑢𝑖
2(𝑥𝑠, 𝑡) + 𝑒?̅?(𝑥𝑠, 𝑡)    (6.5)  
Equation 6.4 is based upon the assumption of adiabatic ions[148]. Equations 6.4 and 6.5 
can be solved for the ion density: 
𝑛𝑖(𝑥, 𝑡) = 𝑛𝑖(𝑥𝑠, 𝑡)(1 −
2𝑒
𝑚𝑖𝑢𝑖2(𝑥𝑠, 𝑡)
(?̅?(𝑥, 𝑡) − ?̅?(𝑥𝑠, 𝑡)))
−
1
2      (6.6) 
Ions respond to an effective damped potential ?̅? (or field) rather than the actual potential 
𝑉.  
𝜕?̅?
𝜕𝑡
(𝑥, 𝑡) =  
?̅?(𝑥, 𝑡) − 𝑉(𝑥, 𝑡)
𝜏𝑖
     (6.7) 
where 𝜏𝑖 is the time that ions take to transit through the sheath. In Equation 6.7 𝜏𝑖 acts as a 
time constant that controls the time averaging of ?̅?. Numerically 𝜏𝑖 is the inverse of the ion plasma 
frequency. 
𝜏𝑖 = 
1
𝜔𝑃𝑖
= √
𝜖𝑜𝑚𝑖
𝑒2𝑛𝑠
        (6.8) 
Here, 𝑛𝑠 is the plasma density at the sheath edge. 
Equations 6.2, 6.3, 6.6, and 6.7 may now be substituted back into equation 6.1 to get the 
following equations that describe the sheath dynamics. 
 
 
−
𝑒(𝑛𝑖(𝑥) − 𝑛𝑒(𝑥))
𝜖𝑜
= 
𝑒𝑛𝑒(𝑥𝑠)
𝜖𝑜
{exp(
𝑉(𝑥, 𝑡) − 𝑉(𝑥𝑠, 𝑡)
𝑘𝐵𝑇𝑒
) − {1 −
2𝑒
𝑚𝑖𝑢𝑖2(𝑥𝑠, 𝑡)
(?̅?(𝑥, 𝑡) − ?̅?(𝑥𝑠, 𝑡))}
−
1
2
}    (6.9) 
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Equation 6.9 governs the sheath potential and ion and electron densities. The sheath 
would be a positive space charge region only if  
∇2𝑉 < 0;    𝑥 > 0      (6.10) 
and 
∇2𝑉 = 0;    𝑥 = 0      (6.11) 
Condition 6.10 implies that 
{1 −
2𝑒
𝑚𝑖𝑢𝑖
2(𝑥𝑠,𝑡)
(?̅?(𝑥, 𝑡) − ?̅?(𝑥𝑠, 𝑡))}
−
1
2
> exp (
𝑉(𝑥,𝑡)−𝑉(𝑥𝑠,𝑡)
𝑘𝐵𝑇𝑒
), 
 
which can be simplified to 
𝑢𝑖(𝑥𝑠, 𝑡) > √
𝑘𝐵𝑇𝑒
𝑚𝑖
       (6.12) 
Condition 6.10 implies that only the ions that have a velocity √
𝑘𝐵𝑇𝑒
𝑚𝑖
 or greater can enter the 
sheath. This velocity is called Bohm velocity, and condition 6.12 is the Bohm criterion. 
𝑢𝐵 = √
𝑘𝐵𝑇𝑒
𝑚𝑖
       (6.13) 
The Bohm criterion guarantees the ion flux towards any object that is negatively charged 
with respect to the plasma. The ions thus have to enter the sheath with a velocity that is much 
larger than the thermal velocity. Hence there must be an electric field in the quasi-neutral region 
of the plasma that accelerates ions to an energy of at least 
1
2
𝑘𝐵𝑇𝑒 towards the sheath edge. This 
field is usually associated with collisions, ionization, or other sources of particle collisions. This 
region is also referred to as the presheath, which extends over distances of the order of plasma 
dimensions, and the presheath field is weak enough not to violate the quasi-neutrality condition. 
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6.3 Sample growth, plasma potential measurement and emission spectra acquisition 
Four InN film sample sets (labeled as A, B, C, and D) were grown using PA-MOCVD on 
c-plane Al2O3 wafers offcut at 0.2° towards m-plane.  Trimethylindium (TMI) and nitrogen plasma 
were used as group-III and group-V precursors, respectively.  The nitrogen plasma was produced 
using an RF hollow cathode plasma source. Nitrogen gas was used as the TMI carrier gas. 
The substrate preparation steps for four sets were kept same and are as follows. Sapphire 
substrates were heated to 250oC. At 250oC the substrates were exposed to 100sccm of H2 gas at 
keeping the pressure at 2.1Torr. The InN nucleation layer was deposited at 500oC, 2.1Torr, 150W 
RF power, 750sccm N2 plasma and 250sccm Trimethylindium for 5 mins. The samples were 
further heated to 775oC. The unconventional high-temperature growth of InN has been previously 
demonstrated by our group[149]. The growth conditions used for each of the sample sets are 
summarized in Tables 6.1. 
 
 
Table 6.1 Growth conditions for sample sets A, B and C 
Sample 
set 
Sample 
ID 
TMI μ-
mol/min 
Plasma-
N2 μ-
mol/min 
Growth 
pressure 
(Torr) 
RF 
power 
(W) 
Grid 
bias 
(V) 
Growth 
Temperature 
(oC) 
A 1254 1.03 447 4.11 400 Float 775 
A 1253 1.03 640 4.11 400 Float 775 
A 1252 1.03 750 4.11 400 Float 775 
A 1248 1.03 931 4.11 400 Float 775 
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B 1281 1.03 484.5 2.8 400 Float 775 
B 1275 1.03 484.5 3.4 400 Float 775 
B 1278 1.03 484.5 3.8 400 Float 775 
B 1277 1.03 484.5 4.1 400 Float 775 
B 1276 1.03 484.5 4.8 400 Float 775 
C 1410 8.39 484.5 2.2 100 Float 775 
C 1409 8.39 484.5 2.2 150 Float 775 
C 1411 8.39 484.5 2.2 200 Float 775 
C 1412 8.39 484.5 2.2 250 Float 775 
C 1413 8.39 484.5 2.2 300 Float 775 
 
 
 
Optical emission spectroscopy was employed to measure a range of the plasma parameters, 
including the fluxes and densities of neutral/ionic species and the plasma 
temperature[150],[151],[152]. Detailed description of this technique can be found in Chapter 4. 
The emission spectra were measured as close as possible to the growth surface via a quartz 
window. The floating potential at the grid is the result of a continuous bombardment of the various 
plasma species onto the grid. It is the function of different process parameters such as chamber 
pressure, nitrogen flow through plasma source, and the plasma power. The floating potential was 
externally measured at the grid for each set of samples. 
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Table 6.2 Growth conditions for set D; the grid bias series 
TMI 
 
μmol/min 
Plasma-N2 
μ-mol/min 
Growth 
pressure 
(Torr) 
RF power 
(W) 
Grid bias 
(V) 
Growth 
Temperature 
(oC) 
4.25 37.25 0.35 50 -100 775 
4.25 37.25 0.35 50 -50 775 
4.25 37.25 0.35 50         ground 775 
4.25 37.25 0.35 50 +50 775 
4.25 37.25 0.35 50 +100 775 
 
 
For the sample set A, the input Plasma N2 flow was varied in the range 447 – 931 μmol/min. 
For the set B, the reactor pressure was varied in the range 2.8 – 4.8 Torr.  For the set, the RF power 
vas varied in the range 100 – 300 W. For the set D of samples, all the growth parameters were kept 
constant and the grid was externally biased with a DC potential. The grid bias was varied from -
100V to +100V. 
 
6.4 Correlation of plasma potential (VP) with various plasma species 
All the plasma emission spectra were analyzed using the methods of atomic and molecular 
spectroscopy, using the Boltzmann equation and Saha equation following the method described in 
Chapter 4. The results of the plasma analysis for each of the grown samples are summarized in 
Fig. 6.2. The variation in the density of atomic nitrogen ions is found to be in good correlation 
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with the change in the plasma potential measured at the grid. However, no correlation is found 
between the plasma potential and the variation in atomic neutrals or molecular plasma species.  
For the sample set A (4.12Torr, 400W, 1.03μ-mol/min TMI), the molecular nitrogen  
Species density, consisting of both metastable and ionized molecular nitrogen, decreases 
with increasing input nitrogen flow through the plasma source. The plasma temperature (average 
ion energy) also decreases with an increase in the input nitrogen flow as the same energy given by 
the plasma source is now distributed among more of the species than before. The atomic nitrogen 
ions density increases with input nitrogen at the given conditions. 
For the sample set B (varying growth pressure set), the molecular nitrogen species density 
increases upon increasing the chamber pressure. With increasing pressure, the collisional 
quenching and diffusion induced recombination become the dominant de-excitation processes. 
These processes result in the recombination of atomic ions into N2 molecules[126]. These two 
processes cause a decrease in atomic nitrogen ions. 
For the set C (varying plasma power set), the molecular nitrogen species density, consisting 
of both metastable and ionized molecular nitrogen, increases with increasing RF power up to 
200 W as more nitrogen can be excited by electrons. However, at high RF power, molecular 
nitrogen species density decreases, likely due to the collisional quenching with other N2 molecules. 
The collisional quenching becomes the dominant de-excitation process at higher pressures[126].  
In contrast, both neutral and ionized atomic nitrogen loss through N–N gas-phase recombination 
require three-body collisions, which do not begin to compete with the loss by diffusion to the 
chamber walls until higher pressures[126]. Since diffusion losses decrease with increasing 
pressure, ionized atomic nitrogen density decreases with the chamber pressure at constant RF 
power.  
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For the sample set D (varying grid potential set), the density of molecular species 
(consisting of both metastable and ionized molecular nitrogen) and atomic nitrogen ions decreases 
with increasing grid bias. The plasma temperature (average ion energy) also decreases with an 
increase in the grid bias. It can be attributed to increased repulsion faced by the positive ions due 
to increased potential at the grid. 
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Figure 6.2 Variation in plasma potential and plasma composition with plasma N2 flow 
rate 
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Figure 6.3 Variation in plasma potential and plasma composition with reactor pressure 
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Figure 6.4 Variation in plasma potential and plasma composition with plasma RF power 
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Figure 6.5 Variation in plasma composition with plasma grid bias. V = 0  at the dotted 
line 
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      Figure 6.6 The dependence of plasma potential on the concentration of atomic ions 
 
 
 
 
6.5 The impact of plasma potential on structural properties of InN 
The influence of plasma potential and grid bias on the structural properties of InN was 
studied via Raman spectroscopy. Raman spectra for the four sets of InN samples grown at varying 
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conditions are shown in Figure 6.3. The InN E2-high (489 cm
-1) and A1-LO (590 cm
-1) phonon 
modes were observed in each of the sample sets. 
 
Figure 6.7 Raman spectra for the sample set A 
 
The phonon relaxation time was estimated using the FWHM and peak position of the E2-
high and A1-LO phonon modes extracted from a multi-peak fit of the Raman spectra. Fig. 6.4 
shows the E2-high phonon mode relaxation time as a function of plasma potential for each set of 
samples. The E2-high phonon relaxation time increases with the increase in plasma potential within 
each of the sample sets. Since the plasma potential is directly related to the concentration of atomic 
nitrogen ions and these species are the primarily contributing[152] to the InN growth, the increase 
in E2-high phonon relaxation time is likely to be caused by a decrease in nitrogen vacancies in the 
grown InN, which are primary contributors to the E2-high mode[137]. No significant correlation 
has been observed between the A1-LO phonon mode relaxation time and the plasma potential. 
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Figure 6.8 Raman spectra for the sample set B 
 
 
Figure 6.9 Raman spectra for the sample set C 
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Figure 6.10 Raman spectra for the sample set D 
 
 
Figure 6.11 The impact of plasma potential on the E2-high phonon mode relaxation time 
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6.6 Conclusions 
The plasma is always at a positive potential with respect to a substrate it is in contact with. 
In this study the effect of various growth parameters on the plasma potential has been investigated. 
The plasma potential is found to be in a positive correlation with the concentration of atomic 
nitrogen ions. For any set of growth parameters, the increase in plasma potential is due to an 
increase in the concentration of atomic nitrogen ions, and that, in turn, causes to improve the 
crystalline quality of the InN films grown. These studies also establish the fact that the plasma 
potential can be used as a qualitative measure of the concentration of atomic nitrogen ions. 
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7 CONCLUSIONS 
InN occurs as wurtzite (hexagonal) or zincblende (cubic) crystal structures. The wurtzite 
type is thermodynamically stable under ambient conditions. Additionally, a third crystalline form 
namely rock salt forms as a phase transition from the wurtzite structure at hydrostatic pressure of 
21.6 GPa. Each of these structures have optical and structural different properties. 
There are many different growth techniques that can be used for InN epitaxy, I have mainly 
focused on the migration-enhanced plasma-assisted meatal organic chemical vapor deposition 
(ME-PA-MOCVD) for the growth of InN in this study. Nitrogen plasma and Trimethylindium 
were used as group V and group III precursors. Characterization of InN films in the present study 
was performed using Raman spectroscopy, XRD, FTIR and AFM. 
The composition of nitrogen plasma, used as the nitrogen precursor, was analyzed using optical 
emission spectroscopy. The atomic nitrogen ion species were shown to have a dominant impact 
on the InN growth rate compared to atomic nitrogen neutrals and molecular nitrogen species. The 
structural quality of the films was characterized by the E2-high phonon mode relaxation time 
determined by Raman spectroscopy.  InN structural quality was found to depend significantly on 
the flux of atomic nitrogen ions.  
The plasma is always at a positive potential with respect to a substrate it is in contact with. 
In this study the effect of various growth parameters on the plasma potential has been investigated. 
The plasma potential is found to be in a positive correlation with the concentration of atomic 
nitrogen ions. For any set of growth parameters, the increase in plasma potential is due to an 
increase in the concentration of atomic nitrogen ions, and that, in turn, causes to improve the 
crystalline quality of the InN films grown. These studies also establish the fact that the plasma 
potential can be used as a qualitative measure of the concentration of atomic nitrogen ions. 
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A model of indium supersaturation for the PA-MOCVD process was developed. The Gibbs 
free energy of the reaction of the reaction is linked to the supersaturation by the equation. The 
supersaturation depends upon the growth conditions used. Since there are many different 
combinations of growth parameters that can give the same supersaturation, the films grown at 
those different conditions belonging to a single value of supersaturation should have similar 
structural and morphological properties, since the reaction kinetics stay same because of unaltered 
supersaturation. It was also found experimentally that films that were grown at different growth 
conditions belonging to the same supersaturation exhibit the similar structural and morphological 
properties.  
This provides us with a better understanding of the InN growth mechanism in PA-MOCVD 
systems and paves the path for further nitride-based semiconductor growth optimization to achieve 
industrial-scale high-quality film growth in these systems.  The future directions for this work 
could be to find optimal growth window to optimize growth parameters for high growth rate 2D 
InN film growth and to controllably grow InN quantum dots at high temperature for InN/GaN 
heterostructures for electronic / optoelectronic device applications. An example of InN quantum 
dots grown in MEPA-MOCVD system is shown in Fig. 7.1.  
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Figure 7.1 InN quantum dots on GaN, grown by migration-enhanced plasma-assisted 
MOCVD ( MEPA-MOCVD) 
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